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Abstract 

The CO2 concentration in the atmosphere is constantly rising mainly through 

industrial and power plant discharges this has led to urgent calls for strategies to reduce 

CO2. Metal organic frameworks (MOFs), also known as coordination polymers, represent 

an interesting type of solid crystalline materials that can be straight forwardly self-

assembled through the coordination of metal ions/clusters with organic linkers. These 

unique advantages enable MOFs to be used as a highly versatile and tunable platform for 

exploring multifunctional MOF materials. Amine groups being basic in nature have 

excellent affinity towards acidic CO2 group. Amine functionalized metal organic 

framework materials have promising tendencies as dry adsorbents for post-combustion 

CO2 capture, owing to their enhanced CO2 capture capacity. This research work is focused 

on the synthesis of a new amino functionalized Cu based MOF using 2-aminoterephthalic 

as a linker. Another aspect of this research work is also to compare the the physical 

properties of the amine functionalized MOF with that of a MOF which does not have any 

amine in its structure. The adsorption capacities of these both MOFs are compared in this 

study to show whether amine plays a role in increasing the adsorption capacity of a MOF. 

The structure was confirmed by Single Crystal XRD studies. The Single Crystal XRD 

studies reveal that an amine functionalized MOF is prepared which has free –NH2 group 

aiding in the CO2 adsorption. Both the MOFs were also characterized using techniques of 

XRD, SEM, EDS and TGA. The N2 adsorption studies of the amine functionalized MOF 

was carried out to know its surface area and pore size. The CO2 adsorption study of both 

the MOFs tells us that the amine functionalized MOF exhibits a better CO2 capture 

tendency of 5.85 mmolg-1 at 25°C and 20 bar pressure as compared to the Cu-BDC MOF 

which has a capacity of 0.922 mmolg-1 at 10℃ and 15 bar pressure. 

 

Keywords: metal organic framework; organometallic framework structure; Cu based 

MOFs; CO2 adsorbent; Amine functionalized MOF; carbon capture; gas storage 
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Chapter 1: Introduction 

 

1.1 Introduction: 

The main work presented in this thesis is related to the investigation of CO2 

adsorption by metal organic frameworks (MOF). 

1.2 Climate Change and CO2 Emission: 

Environmental issues and global warming have motivated many researchers and 

scientists working for the welfare of the environment to work for the betterment of the 

world. As the population is increasing rapidly, so is the global energy consumption. The 

Energy Information Administration (EIA) has predicted that if the energy consumption 

increases at this rate, there will be a 57% increase in the global energy consumption by 

2030 [1]. Many scientists are of the view that the most common cause of environmental 

issues is the emission of the greenhouse gases. Among the anthropogenic GHGs, the one 

which is the most significant is Carbon dioxide (CO2). Out of the total global warming 

effect, CO2 emission is responsible for approximately 60 % [2]. 

The potential sources of CO2 emission are mainly four which are; transportation, 

power plants utilizing fossil fuels, industrial processes and de-carbonization (hydrogen 

production from feed stock which is carbon rich). [3]. Out of these four sources, the one 

which is the main contributor is the power plants powered by fossil fuels. Fossil fuels 

provide 81 percent of the world’s commercial energy supply [3]. 30 Pg (petagram) of CO2 

is produced annually just by consuming fossil fuels. The burning of fossil fuels attribute 

to about three-fourth of the rise in atmospheric CO2. [4] (see Table 1-1). 

Previously, the atmospheric sink was thought to be so large that it could 

accommodate the excess CO2 hence the CO2 concentration would not exceed and 

remained relatively maintained. This was the case until the world saw industrial 

revolution. Due to industrial revolution, the balance of the earth was disturbed and after 

that, the CO2 concentration has increased by more than one third by volume to 368 ppm 

in the year 2000 [3] and 388 ppm in 2010 [3] from 280ppm. The annual rise in the amount 

of CO2 at present is about 2 ppm per annum which means that of the total CO2 emissions, 

more than one third of it does not leave the atmosphere and remains trapped. [3]. IPCC 
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[4] predicts that by 2100, the atmosphere may retain up to 570 ppm of CO2 which can 

cause a rise in about 1.9℃ of the average global temperature and hence a 3.8 m rise in the 

mean sea level[5]. 

To reduce the total CO2 emissions into the atmosphere, several approaches can be 

adopted which includes the efficient use of energy in order to decrease the intensity of 

carbon, use of other fuels like renewable energy and hydrogen which can replace fossil 

fuels and development of new technologies to capture carbon which may enhance the CO2 

sequestration [6]. Out of these approaches, the one which is the most favorable is the 

capture of carbon from the source such as power plants. The use of biomass, nuclear 

energy, hydrogen and solar energy as an alternative to the widely used fossil fuels is not 

yet viable commercially since these technologies are yet at the development stage and 

another reason being that the energy demand is so high that these sources become obsolete. 

Table 1-1: Fossil fuel emission levels (Pounds/Billion BTU of energy input)[4] 

Pollutant Natural Gas Coal Oil 

Carbon Dioxide 117000 208000 164000 

Carbon Monoxide 40 208 33 

Nitrogen Oxides 92 457 448 

Sulphur Dioxide 1 2591 1122 

Particulates 7 2744 84 

Mercury 0 0.016 0.007 

Total 117140 214000 165687 

 

1.3 Research Motivation and Objective: 

In the carbon capture and storage strategy, several reports have shown that it is 

vital to achieve high CO2 adsorption capacity with the least cost which is associated with 

CO2 separation. Many other traditional approaches associated with CO2 adsorption, such 

as aqueous ammonia-based absorption, amine-based absorption and other adsorption 

materials like activated carbons and zeolites have various limitations. These limitations 

have prompted researchers to search for methods and technologies which can act as an 

alternative to remove CO2 from flue gas. 
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The main objective of this research work was an attempt to develop a new MOF 

which can have an enhanced CO2 adsorption capacity than the one with similar metal. The 

pathway selected was by choosing a metal and linker which would act as a basis for the 

work being carried out. Several tasks addressed for the research were: 

1. Selection of amine based linker for MOF synthesis 

2. Synthesis of an amine functionalized MOF 

3. Synthesis of a non-amine MOF 

4. Characterization of the MOFs 

5. CO2 adsorption studies of the MOFs 

6. Comparing the results of the MOF 

1.4 Thesis Outline and Organization: 

In chapter 2 of this thesis, literature relevant to the CO2 capture technologies is 

explored and explained. In the literature review, previous capture technologies for CO2 

are investigated and a detailed information is also provided for the emerging technologies 

in the field of CO2 adsorption. 

The chapter 3 of the thesis is focused on the characterization techniques which are 

generally applied to characterize a material. The main techniques used for characterization 

include SEM, EDS, BET, XRD, TGA and SCXRD. The basic theory of these techniques 

is provided in this chapter. 

Chapter 4 of the thesis is dedicated to the methods and materials used for the 

synthesis of the MOFs. In this chapter the conditions used for the characterization of the 

MOFs is also discussed in detail. 

Chapter 5 explains the results of the tests conducted. Here in this chapter the results 

of the MOFs were compared with each other and the achievements acquired are explained. 

The work carried out during this research is shown below as a figurative flow chart 

which helps is easily understanding the path of the research. 
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• Synthesis of a copper based MOF with Terephthalic acid as the 

linker

2
• Synthesis of a copper based MOF with 2-aminoterephthalic acid 

as the linker

3
• Characterization of both MOFs using SEM, EDS, TGAand XRD 

4
• Adsorption studies of the MOFs

5

• Comparison of the adsorption studies to identify the better MOF 
for CO2 adsorption among the two
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Chapter 2: Literature Review 

 

2.1 Introduction: 

One of the main challenge in the CO2 capture technologies is that the material 

which is used for capturing CO2 should be such that it can be regenerated. If this is not the 

case, then the chemical materials used to produce the CO2 capture material will deplete 

the global suppliers as the material will be used just once. Another challenge for the 

material is its ability to separate CO2 from the mixture of gases. Table 2-1 shows the gases 

(by weight) which are present in the pre-combustion and post-combustion processes [1]. 

The relatively small difference in the gas properties in Table 2-1 is a disadvantage in 

separation of gas [2]. 

Table 2-1 Composition of gases (by weight) in post-combustion and pre-combustion processes [2] 

Composition 
Post 

Combustion 

Pre 

Combustion 

Kinetic 

Diameter 

(Å) 

Quadrupole 

moment (10-

27 esu-1 cm-1) 

Polarizability 

(cm-25 cm-3) 

CO2 15-16% 35.50% 3.30 43.0 29.1 

H2O 5-7% 0.20% 2.65  14.5 

O2 3-4%  3.46 3.9 15.8 

H2  61.50% 2.89 6.62 8.04 

CO 20 ppm 1.10% 3.76 25.0 19.5 

SOx <800 ppm     

NOx 500 ppm 3.49  17.0  

N2 70-75% 0.25%    

Conditions      

Temp. 50-75℃ 40℃    

Pressure 1 bar 30 bar    
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There are three main approaches which are used to reduce the CO2 emissions from 

power plants: 

1. Post-combustion capture [3] 

2. Pre-combustion capture [3] 

3. Oxy-fuel combustion [3] 

Figure 2-1 shows these three approaches. In the following paragraphs, the 

advantages and disadvantages are described for each process. 

 

Figure 2-1: CO2 capture from power generation [4] 

2.2 Pre-Combustion Capture: 

In the Pre-combustion capture, the fuel is de-carbonized prior to the use of it for 

the generation of energy or any other use. This happens by the gasification of the biomass, 

coal or primary fuel. In this method, oxygen or air reacts with the fuel giving of mainly 

hydrogen and carbon monoxide. The hydrogen produced is then used for running the 

power plant producing energy. The advantage of pre-combustion capture is that the CO2 

capture equipment used is smaller. Another advantage is that such solvents which have 
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lower regeneration energy can be used in this process [4]. The disadvantage of this process 

is the high capital cost of installing the facility. 

2.3 Oxy-fuel Combustion Capture: 

In Oxy-fuel combustion, the combustion of the fuel is carried out  in an oxygen 

rich environment rather than air. This produces a combustion product which is mainly 

composed of CO2. An advantage of this process is that it only requires CO2 separation and 

purification since the concentration of CO2 in the flue gas is over 80% [5]. This reduces 

the operation cost of the process as no solvents and reagents are used. Due to this there 

are also less problems to the environment. The disadvantage of this process is that it 

consumes a large quantity of oxygen hence increasing the capital cost and consumption 

of energy. 

2.4 Post-Combustion Capture: 

In the post-combustion capture of CO2, the main technique is the removal of CO2 

from the flue gases before releasing it to the atmosphere. This is a process which is more 

challenging than the other processes because it has a higher quantity (generally 5-15% 

v/v, depending upon the fuel) [3], high temperature of the flue gas and partial pressure of 

CO2 being low in the flue gas [4]. In iaddition, ilow icarbon idioxide iconcentration icreates 

iadditional idisadvantages idue ito ithe ihigh ienergy irequired iand ipowerful ichemical isolvent 

iused ito irelease ithe icarbon idioxide. iDespite ithese ichallenges, ipost-combustion icarbon 

icapture iis ia ipromising itechnique ibecause iit ican ibe iretrofitted ito iexisting iunits i[5]. iThere iare 

iseveral itechnologies ifor ipost-combustion icarbon idioxide icapture iwhich ican ibe icategorized 

ias iconventional ior inew iemerging itechnologies. iThe ifollowing iparagraphs iwill ifocus ion 

ipost-combustion icapture itechnologies ifrom ifossil ifuel ipower iplants iincluding 

iconventional, itechnologies isuch ias iamine-based iabsorption ias iconventional icarbon idioxide 

icapture itechnology, iaqueous iammonia ibased iabsorption, imembranes, iand inew iemerging 

itechnologies isuch ias iadsorption imaterials ilike izeolites, iactivated icarbons, iand imetal 

iorganic iframeworks. 

2.4.1 Amine-based Chemical Absorption 

The ichemical iabsorption iof icarbon idioxide icapture iis ibased ion ithe iexothermic 

ireaction iof ia isorbent iwith ithe icarbon idioxide ipresent iin ithe igas istream iusually iat iroom 
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itemperature i[3]. iThen ithe ireaction iis ireversed iin ia istripping ior iregeneration iprocess iat ia 

ihigher itemperature. iThe imost iextensively istudied iand iused isolvents iare iamine ior icarbonate 

isolutions iwhich iare isuitable ifor icarbon idioxide icapture iat ilow ipartial ipressures. 

Amine iabsorbers i(scrubbers) iare icommercially iavailable ias ilarge iscale 

itechnologies ifor ipost-combustion iseparation iof icarbon idioxide ifrom iflue igases. iAmines iare 

iavailable iin ithree iforms iprimary, isecondary, iand itertiary. iEach iof ithem ipossesses 

iadvantages iand idisadvantages. iFor iexample, ito ienhance ithe ireaction irate, iprimary iamines 

iare imost ipreferable ifollowed iby isecondary ithen itertiary. iFor iregeneration ienergy iand 

iloading icapacity ithe imost ipreferred itype iwould ibe itertiary, ifollowed iby isecondary, iand ithen 

iprimary i[5]. 

Monoethanolamine i(MEA) iis ian iindustrially iimportant iprimary ialkanolamine, 

iwhich ihas ibeen iused iin ithe inatural igas iindustry ito iabsorb icarbon idioxide ifrom inature igas ifor 

imore ithan i60 iyears iand iis iconsidered ithe imost imature itechnology. iFigure i2-2 iillustrates ithe 

iamine-based icarbon idioxide icapture iprocess ifrom ithe iflue igas. iThe iflue igas ientering ithe 

iprocess iat iclose ito iatmospheric ipressure iand irequired ioperating itemperature itypically i50℃ 

iis ibubbled ithrough ia ipacked iabsorber icolumn i(amine iscrubber) icontaining i25-30% 

iaqueous imonoethanolamine i(MEA) isolution iat ihigh ipressure i(60-70 iatm) i[6]. iAmine 

iabsorbs icarbon idioxide ito iform ia icarbamate ispecies. iFlue igas iexiting ithe itop iof ithe iabsorber 

iis iwashed iwith iwater ito ireduce ithe ientrained isolvent idroplets iand ithen ivented ito ithe 

iatmosphere. iFollowing ithe iabsorption iprocess, ithe irich isolvent i(high icontent iof icarbon 

idioxide ireaction iproduct) ipasses ithrough ia idesorber icolumn i(stripping icolumn) ithat 

ioperates iat i100-140℃ iand imarginally iat ia ihigher ipressure ithan ithe iabsorber iin iorder ito 

irelease ithe icarbon idioxide iwith ihigh ipurity i(over i99%) iwhich imay ibe ilater icompressed ifor 

icommercial iutilization ior istorage i[2,3]. iDespite ithe iimprovements ito ithe iamine-based 

isystem ifor ipost-combustion icarbon idioxide ichemical iabsorption, iamine iscrubbing 

itechnologies istill ihave inumber iof ichallenges iand idisadvantages. iSome iof ithese 

idisadvantages iinclude ithat ithe iprocess iin igeneral irequires ilarge iequipment isize iand 

iintensive ienergy iinput, ithere iis ia ilow icarbon idioxide iloading icapacity, ihigh iequipment 

icorrosion irate, iand iamines iare isubject ito idegradation iin ithe ipresence iof ioxygen, SO2, NO2 
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and HCl, which makes for additional requirements for solvent recovery and waste stream 

disposal [3]. 

2.4.2 Aqueous Ammonia-based Absorption 

The iaqueous iammonia-based iabsorption iprocess iis iterms iof ioperation ito ithe iamine 

isystems. iHowever, ithe ireaction iof iammonia iand iits iderivatives iwith iCO2 ihas ithe iadvantage 

iof ihaving ia ilower iheat iof ireaction ithan ithe iequivalent iamine ibased ireactions i(reaction iof 

iammonium icarbonate i(AC), iCO2, iand iwater ito iform iammonium ibicarbonate i(ABC)). iThis 

iresults iin isignificant ienergy iimprovements iand icost ireductions icompared ito ian iamine ibased 

iabsorption isystem i[5]. In addition, the aqueous ammonia process can capture all three 

major acidic gases (SO2, NO2, and CO2) in a single process which is expected to reduce 

the total cost and complexity of the emission control systems. Furthermore, absorbent 

degradation is expected to be eliminated for the aqueous ammonia based absorption 

Process. One more advantage of ammonia-based absorption is the possibility of utilizing 

the major by-products including ammonium nitrate and ammonium sulfate to produces 

fertilizer. 

There iare iseveral idrawbacks iand iconcerns iregarding iaqueous iammonia ichemical 

iabsorption iprocess isuch ias ithe ihigh ivolatility iof iammonia, icooling ithe iflue igas ito ithe i0-

Figure 2-2: Process flow diagram for amine-based CO2 capture from flue gas 
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10℃ irange, iand iloss iof iammonia iduring ithe iregeneration iprocess ibecause iof ithe ielevated 

itemperature i[7]. 

2.4.3 Membranes 

The ifirst iimplementation iof imembranes ifor igas iseparation itechnology iwas iin ithe 

i1980s iand isince ithen imembranes ihave ibeen iwidely iused iin imany iindustrial iseparation 

iprocesses. iMembranes iare isimilar ito ifilters, iby iseparating ispecific icomponent ifrom ia 

imixture iof igases iin ia ifeed istream. iThere iare ivarious iseparation imechanisms: i1) 

isolution/diffusion, i2) iadsorption/diffusion, i3) imolecular isieve iand iionic itransport i[4]. iIn 

igeneral, ia iflue igas istream iwill ibe ipassed ithrough ithe imembrane iand ithe iseparation iof iCO2 

iwill ibe iachieved idue ito ione iof ithe ifollowing iconcepts: ia ipartial ipressure idifference iof iCO2 

iacross ithe imembrane, ia ireversible ichemical ireaction iwith icarriers ilike icarbonates, iamines 

imolten isalt ihydrates idissolved iin ithe imembrane iliquid, ior iporous iinorganic imaterials 

iincluding izeolites, ipalladium ialloy itubes iand iceramics i[8]. iDespite ithe ipromising ihigh iCO2 

iseparation iefficiency, imembranes itechnologies ihave isome idrawbacks iincluding ia ilack iof 

istability iunder ithe ireforming ienvironment iand ithey iare istill iin ithe iresearch idevelopment 

iphase. 

2.4.4 Adsorption Materials 

As idiscussed iin ithe iprevious iparagraphs ithere iare iseveral ichallenges iand 

ishortcomings iin iterms iof ithe irecent icarbon icapture itechnologies, iwhere ino isingle 

itechnology iis iable ito imeet ithe irequirements iset iby ithe iDOE/NETL: i(90% iCO2 icapture iat 

iless ithan ia i35% iincrease iin ithe icost iof ielectricity) i[9,10]. iTherefore, ithere iis ia icrucial ineed 

ifor ideveloping ian ialternative icapture itechnology ithat ican iboth ilower ithe ioperation icost iand 

ihave ia isignificant iadvantages ifor ienergy iefficiency. iAdsorption iprocesses iusing isolid 

iphysical iadsorbents isuch ias ipressure, ivacuum, ior itemperature iswing iadsorption icycles, 

ipossess ipotential iadvantages icompared ito ithe iother icapture itechnologies i(i.e. ichemical iand 

iphysical iabsorption iprocesses) iincluding iless iregeneration ienergy irequired, igreater 

icapacity, iand iselectivity iand iease iof ihandling. 

There iare imany iphysical iadsorbent imaterials ithat ihave ibeen iconsidered ifor iCO2 

icapture isuch ias, iactivated icarbon, izeolites iand izeolite-like imaterials, iand imetal iorganic 

iframeworks i(MOF). iHowever, isuitable iadsorbent ifor iCO2 icapture ifrom iflue igas ishould 
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isatisfy iseveral iimportant icriteria ito icompete iwith ithe ipresent itechnologies, iincluding: i1) 

ihigh iadsorption icapacity: ithe iCO2 iequilibrium iadsorption icapacity irepresented iby iits 

iadsorption iisotherm iis ivery iimportant icriteria iin iorder ito ievaluate inew iadsorbents iin iterms 

iof ithe icapital icost iof ithe icapture isystem. iWith ithe iknowledge iof ithe iadsorption iequilibrium 

icapacity ithe iamount iof ithe iadsorbent irequired ican ibe iobtained, iand iconsequently ithe 

ivolume iof ithe iabsorber ivessels. iThe isuitable iadsorbent ifor iCO2 icapture ifrom iflue igas 

ishould iat ileast iexhibit ia iCO2 iadsorption icapacity iof i2 i- i4 immol/g i[11]; i2) ihigh iselectivity ifor 

iCO2: ithe iadsorption iselectivity iof ithe iadsorbent iis idefined ias ithe iratio iof ithe iCO2 icapacity ito 

iother ibulk igas icomponents i(i.e. iN2 iand iO2). iThis iis ione iof ithe imain iproperties iof iadsorbent 

imaterial, ibecause iit ihas ia idirect iimpact ion ithe ipurity iof ithe iCO2 icaptured, iand iconsequently 

ion ithe ieconomics iof ithe iseparation iprocess i[11]; i3) iadequate iadsorption/desorption ikinetics 

iis irequired ia igood iadsorbent ishould iexhibit ifast iadsorption/desorption ikinetics iunder ithe 

ioperating iconditions iand ia ihigh irate iof iadsorption. iIn iaddition, iadsorption ikinetics 

iprimarily iaffect ithe icycle itime iof ia ifixed ibed iadsorption icolumn; i4) ithe istability iduring 

irepeated iadsorption/desorption icycling iit iis ialso iimportant iit iis icrucial iproperty iof ian 

iadsorbent ibecause iit idetermines ithe ilife itime iof ithe iadsorbents iand ithe ifrequency iof itheir 

ireplacement. iTherefore, ithe istability iof ithe iadsorbents ihas idirect iimpact ion ithe ieconomics 

ithe iadsorption iprocess; i5) iit iis ialso icrucial ito iconsider ithe imechanical istrength iof ithe 

iadsrobent: isuitable iadsorbents ishould idemonstrate ia istable imicrostructure iand imorphology 

iunder iseveral ioperating iconditions, isuch ias ihigh ivolumetric iflow irate iof ithe iflue igas, 

ivibration, iand itemperature. iAlso, ia igood iadsorbent ishould itolerate ithe ipresence iof imoisture 

iand iother iimpurities iin ithe ifeed i(i.e. iwater ivapor, iO2 iand iSO2). iOtherwise, ithe iCO2 

iadsorption iprocess iwill irequire ia ilarge isorbent irecovery irate iand ia ispecial istrategy ito 

iaccomplish ithis. iAs ia iresult, ithe imechanical istrength iof iadsorbents ialso ihas ia idirect iimpact 

ion ithe ioverall ieconomics iof ithe iCO2 iseparation iprocess; i6) ilow ioperating icost: ialthough ithe 

icost iof ithe iadsorbent iis ithe imost iimportant icharacteristic ito ievaluate ia inew iadsorbent, ithere 

iis ilimited iinformation ion iadsorbent icosts iand iother ieconomic iconsiderations iin iliterature. 

iAccording ito ia istudy iperformed iby iTarka iet ial. i[12] ion ithe isensitivity ianalysis iof iadsorbents 

ifor ieconomic iperformance, ia icost iof i$5/kg iof iadsorbent iresults iis iideal, iand i$15/kg iof 

iadsorbent iis ideemed iuneconomical. iBu, i$ i10/kg iof iadsorbent iis iconsidered ieconomical ifor 

ia iCO2 icapture iprocess. 
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Possible igas iadsorptive iseparation iis iusually iachieved iby ione ior imore iseveral iof ithe 

ifollowing imechanisms iusing iadsorbent imaterials i[13]: i1) isize iand/or ishape iexclusion iof 

icertain icomponent iof ia igas imixture, iwhich iis icalled ithe imolecular isieving ieffect; i2) ithe 

ikinetic ieffect idue ito ithe idifferent idiffusion irates iwhere icertain icomponents iare iadsorbed 

ifaster ithan iothers; i3) ithe ithermodynamic ieffect, ibased ion ithe isurface iand/or iadsorbate 

ipacking iinteractions; i4) ithe iquantum ieffect, idue ito ithe idifferences iin ithe idiffusion irates iin 

ithe inarrow imicropores iof isome ilight imolecules. 

2.4.4.1 Activated Carbon 

There iis iwide ivarity iof icarbon ibased iadsorbent imaterials isuch ias iactivated icarbons, 

igraphenes, iand icarbon inanotubes. iHowever, iactivated icarbons iare ithe imost icommonly 

iinvestigated imaterials iin iliterature, iand iwidely iused ias iadsorbents iin ivarious iindustrial 

iapplications isuch ias igas ipurification, iwater itreatment, iand imonitoring iair ipollution i[14,15]. 

iActivated icarbons iare icompossed iof icarbon-containing ibiological imaterials isuch ias icoal 

i(e.g. ibituminous icoal, ilignite), iindustrial iby-products i(e.g. iscraps iof ipolymeric imaterials, 

ipetroleum, icoke ipitch), iand iwood ior iother ibiomass imaterials i(e.g. icocoanut ishells, isaw idust 

iolive istones) i[16]. iTherefore, iactivated icarbons ihave ia ihuge iadvantage iover iother 

iadsorbents iin iterms iof ithe ilow icost iof iraw imaterials. iIn iaddition, ithe iwide ivariety iof 

iresources ifor iactivated icarbons ileads ito ivariations iin ithe ipore isize idistribution, ipore 

istructures, iand iactive isurface iarea iof ithe iactivated icarbons i[17]. iThe iproduction iof 

iactivated icarbons ifrom iraw imaterials iusually iconsists iof itwo isteps: icarbonization, iand 

iactivation i[18]. iThe iformer istep iincludes iheating iand ithermal idecomposition iof ithe istarting 

imaterial iat ia itemperature iof i500-1200℃ iin ian iinert iatmosphere ito imake icarbonaceous 

imaterials i(Char) iwhich ihave ipoor isurface iproperties. iTherefore, iit iis iessential ito ifollow ithe 

icarbonization iprocess iwith ian iactivation istep, iduring iwhich ithe icarbonaceous imaterials iare 

imodified ito iproduce ia isuitable iporosity, iand iactive isites. iThe iactivation iof ithe 

icarbonaceous imaterials ican ibe iachieved iby ieither iphysical ior ichemical iactivation. iPhysical 

iactivation ican ibe icarried iout iby ithe itreatment iof ithe imaterial iwith iwater ivapor iand/or iCO2 iat 

i700-100℃ i[19]. iOn ithe iother ihand, ichemical iactivation ican ibe iachieved iby ithe 

icarbonization iof ithe istarting imaterial iin ithe ipresence iof idehydration iagents isuch ias iKOH, 

iZnCl2, ior iH3PO4 i[20][17]. 



13 

 

In iliterature iit iwas ifound ithat iactivated icarbons iexhibit ilower iadsorption icapacities 

ithan ithose iof izeolites ior imolecular isieves iunder ilow ipressure, iand iambient itemperature 

i[21,22]. iIn iaddition, ithe iadsorption icapacity iof iactivated icarbons idecreases isignificantly 

iwith iincreasing itemperature i[23]. iFor iexample, iNa iet. ial. i[24] imeasured ithe iCO2 iadsorption 

iisotherms ion iactivated icarbons iat ia ipartial ipressure iof i0.1 ibar iand itwo idifferent 

itemperatures i298 iK iand i328 iK. iThey ifound ithat, iactivated icarbons iexhibits ia idrop iin ithe 

iadsorption icapacity ifrom i1.1 ito i0.25 immol/g ias ithe itemperature iincreases ifrom i298 ito i328 

iK. iIn iaddition, ithey ifound ithat ithe iCO2 iadsorption icapacity idecreased ifrom ica. i3.2 ito i1.6 

immol/g, iwhen ithe itemperature iincreased ifrom i288 ito i328 iK iat i1 ibar. iIn ianother istudy 

iperformed iby iDo iet.al i[23], ithe iCO2 iadsorption iisotherm ion iAjax iactivated icarbon iwas 

iinvestigated iat ia ipressure iof iup ito i0.2 ibar iat ithree idifferent itemperatures. iThe iresults 

ishowed ithat ithe iCO2 iadsorption icapacity idropped ifrom ica. i0.75 ito i0.1 immol/g ias ithe 

itemperature iincreased ifrom i298 ito i373 iK. iChue iet.al i[21] iinvestigated ithe iheat iof 

iadsorption iof iactivated icarbon iand izeolites irevealing ithat ithe iheat iof iadsorption i(ΔHad) iof 

iactivated icarbon i(ΔHad i= i-30 ikJ/mol) iis ilower ithan ithat iof izeolites i(ΔHad i= i-36 ikJ/mol). 

iThe iCO2 iadsorption icapacity iof ianthracite icoal iwith ia i2 ih iactivation iperiod iat i890℃ iwas ica. 

i1.49 immol i/g imeasured iusing ithermogravimetric ianalysis i(TGA) i[25]. iMoreover, ithe iCO2 

iadsorption iequilibrium iisotherms iof iBPL iactivated icarbon iwere iperformed iusing iTGA iby 

iKikkinides iet. ial i[26]. iTheir iresults ishowed ithat iBPL iactivated icarbon iexhibits ia iCO2 

iadsorption icapacity iof ica. i2.1 immol/g iat i298 iK iand ia ipressure iof i1 ibar. iFinally, iactivated 

icarbons iare ithermally istable. 

In isummary, iactivated icarbons iare iadvantageous iin ithat ithey iare iinexpensive iand 

iare iless iaffected iby ithe ipresence iof imoisture iin ithe ifeed igas irelative ito iother isolid 

iadsorbents isuch ias izeolites, ithey irequire imild iadsorption iregeneration i[27], iand iare 

ithermally istable i[28]. iHowever, iactivated icarbons ihave isome ilimitations isuch ias, ilimited 

iCO2 iremoval iat ihigh ipressure iand ilow itemperature i[29], idecreased iCO2 iadsorption icapacity 

ias ithe itemperature iincreases i[23], ilow iadsorption icapacity iand iselectivity iat ilow ipartial 

ipressures iof iCO2, iand iin igeneral, icontaminates iin ithe iflue igas ihave idetrimental ieffecs ion ithe 

iCO2 iadsorption icapacity. 
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2.4.4.2 Zeolites 

Zeolites iare ihighly imicroporous icrystalline iframework imaterials ithat ican ibe ifound 

inaturally ior ifabircated isynthetically. iZeolites iare ione iof ithe imost iinvestigated iadsorbent 

imaterials iin iliterature ifor iadsorption iand iseparation iprocesses i[17], idue ito itheir iunique 

iproperties isuch ias ipore isize, iability iof imolecular isieving, iand ivaried ichemical icompositions 

ithat iaffect itheir iadsorption iperformance. iZeolites iconsists iof ia iperiodic iarray iof iTO4 

itetrahedrals i(T=Si ior iAl) i[30, i31]. iThe ipresence iof ithe ialumina iatom iin ithe iconvectional 

izeolites ibased ion isilicate iframeworks ilead ito ia inegative icharge ion ithe iframework, iwith 

iexchangeable ications iwithin ithe ipore istructure i(usually iNa ior iother ialkali ior ialkaline iearth 

imetals). iThis iunique istructure iof izeolite ienables ithe ialkali ications ito igenerate istrong 

ielectrostatic iinteractions iwith iacidic imolecules isuch ias iCO2 i[17,29]. iTherefore, ivarying ithe 

iSi/Al iratio iand inature iof ithe iextra-framework ications ican iplay ia isignificant irole iin 

icontrolling ithe iCO2 iadsorptive iproperties. iSeveral istudies iin iliterature iaddressed ithe ieffect 

iof iSi/Al iratio, inature iof ithe ications iand itype iof izeolite ion ithe iCO2 iadsorption icapacity.  

Literature shows that zeolites with low Si/Al ratios are one of the promising 

adsorbents for CO2 adsorption and separation applications [32,33,34,35,36,37]. However, 

CO2 adsorption ion izeolites istill ihas isome ilimitations isince ithey iare istrongly iaffected iby 

itemperature ipressure iand ithe ipresence iof iwater. iZeolites iCO2 iadsorption icapacities 

idecreases ias ithe itemperature iincreases iand iincrease ias ithe igas-phase ipartial ipressure iof iCO2 

iincreases. iIn iaddition, izeolites iare istrongly isensitive ito ithe iwater icontent iin ithe iflue igas, iand 

ibecause iof itheir ihighly ihydrophilic icharacter iextensive idrying iof ithe iflue igas iis ineeded 

iprior ito iCO2 icapture ior ia ivery ihighly iregeneration itemperatures iis irequired i(often iin iexcess 

iof i300℃) i[21,39]. iThis iadditional idrying iand ihigh iregeneration itemperature iposes ian iextra 

icost iwhich isignificantly iaffects ithe iadsorption iapplications iof izeolites. 

2.4.4.3 Metal Organic Frameworks (MOFs) 

2.4.4.3.1 Material Characteristics and Synthesis 

Metal iorganic iframeworks iare inewly iemerged iclass iof icrystalline iporous imaterials 

ithat ihave iattracted irecent iattention iin ithe ipast itwo idecades iowing ito itheir ienormous 

istructural iand ichemical idiversity iincluding: irobustness, ihigh isurface iarea i(up ito i5000 

icm2/g) ihigh ithermal iand ichemical istabilities, ihigh ivoid ivolume i(55-90%), ilow idensities 
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i(from i0.21 ito i1 ig/cm3) i[41], iand itheir ipotential iapplications iin igas istorage, iion iexchange, 

imolecular iseparation, idrug idelivery, iand iheterogeneous icatalysis i[13,42-44]. i 

MOF imaterials igenerally iconsist iof ithree idimensional iorganic-inorganic ihybrid 

inetworks iformed iby imetal ibased inodes i(e.g. iAl3+, iCr3+, iCu2+, ior iZn2+) ibridged iby iorganic 

ilinking igroups i(e.g. icarboxylate, ipyridyl) iprincipally ithrough icoordination ibonds. iDue ito 

ithe istrong icoordination ibonds, iMOFs iare igeometrically iand icrystallographically iwell-

defined iframework istructures. iMOFs ican ibe ituned iand idesigned isystematically ibased ion 

ichanging ithe inature iof iorganic ilinker iand/or ichanging ithe iconnectivity iof ithe iinorganic 

imoiety iand ihow ithe ibuilding iblocks icome itogether ito iform ia inet. iThis iremarkable iand ieasy 

itunability iof iMOFs iis ia ikey ifeature ithat idistinguishes ithese imaterials ifrom itraditional 

iporous imaterials, isuch ias izeolites iand iactivated icarbon. iIn iaddition, iit iallows ithe 

ioptimization iof ithe ipore idimension iand isurface ichemistry iwithin imetal-organic 

iframeworks ithat iwas ipreviously iabsent iin izeolite imaterials i[13]. 

A ilarge inumber iof inew iMOFs ihave iemerged iin ithe ilast ifew iyears; ihowever, itheir 

imethods iof ipreparation iand isynthesis iare iquite isimilar. iMost iare isynthesized iby iemploying 

ia iso icalled i“modular isynthesis”, iwherein ia imixture iof imetal iprecursors iand iappropriate 

iligands iare icombined iunder imild iconditions ito iafford ia icrystalline iporous inetwork. iIn imost 

iof ithe iresulting imaterials ithe isolvent iused iduring isynthesis iis iremoved iby iapplying ivacuum, 

iheat, ior iexchange iwith ivolatile imolecules, iresulting iin ilarge ipore ivolume iand ilarge isurface 

iarea iaccessible ito iguest imolecules. iSynthesis iapproaches isuch ias isolvothermal isynthesis 

i(conventional iapproach), imicrowave isynthesis i[46], isonication isynthesis i[47], 

imechanochemical isynthesis i[48], iand isolid istart isynthesis i[49] ihave ibeen ideveloped ifor 

iMOFs isynthesis. iDespite ithe isimplicity iof ithe isynthesis iof iMOFs, ithere iare iseveral 

ichallenges iin ithe ipreparation iof inew imaterials irelated ito ithe ioptimization iof ithe ireaction 

iconditions ithat ilead ito ithe idesired iMOF, iin ihigh iyield iand icrystallinity. iThe ifollowing 

iparameters ican iplay ia ikey irole iin iMOFs’ ioptimization iand isynthesis: itemperature, isolvent 

icompositions, ireaction itimes, ireagent iratios, ireagent iconcentrations, iand ipH iof ithe ico-

solvent isolution i[45]. iAccordingly, islight ichange iin iany iof ithese iparameters ican iresult iin 

ilarge inumber iof inetwork iconnectivities, imany iof iwhich iare inonporous iand ihave iadverse 

ieffect ion ithe igas istorage iand iseparation iapplications. iTherefore, ilarge inumber iof ireactions 

itrails iare irequired ito idiscover ithe inew idesired iMOFs iin iwhich ithe ireaction iparameters iare 
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isystematically ivaried. iAs ia iresult ihigh ithroughput itechnologies ihave ibeen iemployed ifor ithe 

isynthesis iof inew iMOFs iin ithe irecent iyears i[50,51]. 

2.4.4.3.2 Structural Features 

Arbitrarily, iMOFs ican ibe icategorized iinto ifour ifollowing isub-sets: irigid 

iframeworks, iflexible/dynamic iframeworks, isurface ifunctionalized iframeworks iand iopen 

imetal isites. iRigid iMOFs iusually ihave istable iand irobust iporous iframeworks iwith ipermanent 

iporosity, iwhereas iflexible iMOFs ishow iextreme ichanges iof ishape iwhen ithe iguest imolecules 

iare iinserted ior iremoved, iand iare iaffected iby iexternal istimuli, isuch ias ipressure, iand 

itemperature, iwhich iis iabsent iin ithe itraditional iadsorbent isuch ias izeolites iand iactivated 

icarbons. iIn iaddition, irigid iframeworks iretain itheir iporosity iupon iadsorption iand 

idesorption; ihowever, iflexible iand idynamic iframeworks iexhibit iframework itransformation 

iupon iremoval iof iguest isolvent ibut irestore itheir iporous istructure iby iadsorption iof igas 

imolecule iat ihigh ipressures i[52]. iSuch iproperties iof iflexible iframeworks ipromote ibeneficial 

icapture iand irelease iperformance iof igaseous imolecules. iSelective iadsorption iin irigid iMOFs 

imay ioccur ias ia iresult iof imolecular isieving, iand/or ipreferential iadsorption ibased ion ithe 

idifferent istrengths iof ithe iadsorbent iadsorbate iand iadsorbate-adsorbate iinteractions. 

iHowever, iselective iadsorption iin iflexible idynamic iMOFs ioccurs idue ito ithe iflexibility iand 

ithe ibreathing ieffects iof ithe iframework iporous istructure. iTherefore, iflexible iMOFs iare imore 

icomplicated ithe ievaluation iof itheir iperformance iis imore icomplex iand ithe iselective 

iadsorption iis imore idifficult ito istudy iand icompare ito irigid iframeworks. iMoreover, iusually 

irigid iMOFs ipresent ia inormal itype-I ishape iadsorption iisotherm. iOn ithe iother ihand iflexible 

iMOFs iexhibit istepwise iadsorption iand/or ishow ihysteretic idesorption iisotherms ifor iCO2 

iand iother igases. iNovel iMOFs, isuch ias iMIL- i53 iseries i[53,54], iMIL- i88 i[55] iand iSNU-M10 

i[56] iprovide ia itypical iexamples iof ibreathing iframeworks iduring iadsorption iand idesorption 

iof iCO2. 

Open imetal isites ienhance iMOFs iperformance iby iproviding ia imechanism ifor ithe 

iseparation iof i(quadru) ipolar/non ipolar igas ipairs isuch ias iCO2/CH4. iThe iselective iadsorption 

imechanism imay ioccur idue ito ithe icoordination iof iCO2 ito ithe imetal icenter iin ian iend-on 

ifashion, ii.e., iO==C==O...Cu2+
 i[57]. iThe imost iattractive ienhancement iof iopen imetal isite 

iMOFs iis ithat ithe ipresence iof iwater iin isuch iframeworks ipossesses ioutstanding 

ienhancements iin itheir iCO2 icapture iability. iOne iof ithe imost istudied imaterials ifeaturing iopen 
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imetal isites istructure iis iCu3(btc)2 i(HKUST-1), iwhich iconsists iof ipaddlewheel iCu2(COO‾) 

iunits iconnected ithrough ibtc3‾ iligands. iRecent istudies ishowed ithat iHKUST-1 iframework 

icontaining i4 iwt.% iwater iexhibited ia isignificant iincrease iin iCO2 iadsorption icapacity iabout 

ifour itimes ithat iof ithe ibenchmark imaterial izeolite i13X i[58] iand ienhanced iCO2/CH4 iand 

iCO2/N2 iselectivities i[59]. iIn ithis icase, ithe imechanism iof iadsorption iwas idue ito ithe 

iinteraction iof iquadrupole imoment iof iCO2 iwith ithe ielectric ifield icreated iby ithe iwater 

imolecules iwhich icoordinated ithe iopen iCu2+
 isites i[58]. 

The ifourth iset iof iMOFs iis isurface ifunctionalized iframeworks. iThe isurface 

ifunctionalized iframeworks ienhanced ithe icapacity iand iselectivity iof iMOFs ifor iCO2 

iadsorption iby igrafting ia ifunctional igroup iwith ia ihigh iaffinity ifor iCO2 i(e.g. iarylamine i[66], 

ialkylamine i[67], iand ihydroxyl i[68] igroups) ionto ithe isurface iof iporous imaterials ithough 

iligand imodification ior icoordination ito iunsaturated imetal icenters. iThese ifunctional igroups 

ienhance ithe iselective iinteraction ibetween iCO2 iand ithe ifunctionalized imolecule ias iwell ias 

ithe iconstriction iin ithe ipore ispace iof ifunctionalized iframework icompared ito ithe iparent 

inonfunctionalized imaterial i[68]. iFor iexample, iamino-MIL-53 i(Al) iexhibited isuperior 

iseparation ifactor iof i60 iin ithe iCO2 iuptake irelative ito iCH4 iat ilow icoverage icompared iwith 

iapproximately i5 ifor ithe iparent inon-functionalized iframework, iin iaddition ito iincreased 

imagnitude iof izero-coverage iadsorption ienthalpy iincreased ifrom i-20.1 ito i-38.4 ikJ/mol iupon 

ifunctionalization i[69]. iSimilar ienhancements ihave ibeen iobserved iin ithe 

iaminefunctionalized iframeworks iUSO-2-Ni iand iUSO-3-In-A irelative ito itheir iparent 

inonfunctionalized iframeworks i[70]. 

One iof ithe imost istudied iMOFs iin iliterature ito idate iis iZn4O(BDC)3 i(MOF-5) iwhich 

iconsist iof itetrahedral i[Zn4O]6+
 iclusters iconnected iby iditopic iBDC2‾ iligands ito iform ia icubic 

ithree idimensional inetwork. iYaghi iet ial. i[71] ireported ithe isynthesis iof isixteen iMOF-5 

ifunctionalized iderivatives ithey iwere inoted ias iIRMOF-1 ithrough iIRMOF-16, iand ithey iwere 

icharacterized iby istable iporosity iupon isubstitution iwith ilinear idicarboxylate iligands i[71]. 

iThe iIRMOFs ifamily ifeatures ioffer itunable ipore ispaces iand ipore ifunctionality irelative ito ithe 

ilength iof ithe ifunctional igroup. iIRMOF-16 irepresents ithe ilargest iof ithe iIRMOF iof ithe 

iIRMOFs iseries iwith icrystal idensity iof i0.21 ig/mL, iwhich iwas ithe ismallest ireported icrystal 

idensity iup ito ithat itime ifor iany icrystalline imaterial. iFollowing ithe isame iconcept iseveral inew 
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iMOFs ihave ibeen ideveloped isuch ias, ithe iZr6O4(OH)4(BDC)6(UiO-66) i[72] iAl(OH)(BDC) 

i(MIL-53) i[73] iand iCu2(BPTC) i(NOTT-100) i[74]. 

2.4.4.3.3 CO2 Adsorption Capacity 

The ievaluation iof inew iadsorbent imaterials ifor iCO2 icapture iapplications idepends ion 

imany ifactors, isuch ias ithe iadsorption icapacity, iselectivity iand ienthalpy iof iadsorption. 

iHowever, imost iof iMOF iliterature ihas ipaid iinitial iattention ito iCO2 iadsorption icapacity iby 

imeasuring ithe iadsorption iequilibrium irather ithan imeasuring ithe iadsorption idynamic iunder 

ifixed ibed iconfiguration. iThe iadsorption iequilibrium ican ibe imeasured ieither 

igravimetrically ior ivolumetrically. iThe igravimetric iCO2 iuptake, iwhich irefers ito ithe iquantity 

iof iCO2 iadsorbed iwithin ia iunit iof imass iof ithe imaterial, ican iprovide ithe imass iof ithe iMOF 

irequired ito iform ithe iadsorbent ibed. iOn ithe iother ihand, ithe ivolumetric iCO2 iuptake imeasures 

ihow idensely ithe iCO2 ican ibe istored iwithin ithe imaterial iproviding iinformation ion ithe 

ivolume iof ithe iadsorbent ibed. iIn igeneral iboth imeasuring itechniques iare iimportant ito 

idetermine ithe iheat iefficiency iof ithe iMOF, iin iterms iof ithe ienergy irequired ifor iregeneration 

iand idesorption iof ithe icaptured iCO2. 

Lots iof iMOFs ihave ibeen iinvestigated iexperimentally ifor iCO2 iadsorption iand 

irelated igas iseparation. iThe iresults iof ithese iexperiments ihave ibeen isummarized iin iTable i2-2 

iwhich irepresents ithe iadsorption icapacity ifor iMOFs icollected iat iambient itemperatures, iwith 

ipressures iranging ifrom ilow ipressure i(<1.2 ibar) ito iatmospheric ipressure iin imost iof ithe 

icases. iThe iadsorption iisotherms imeasured iat iambient itemperature iand ilow ipressure iare 

imainly icontrolled iby ichemical ifeature iof ithe ipore isurface, iand imost iof ithe ihigh icapacity 

imaterials iare ithose iof ihighly ifunctionalized isurfaces. iIn iaddition, iat ithese iconditions ithe 

iadsorption iisotherms iare imost iresembled ito ipost icombustion iCO2 icapture iapplication 

iwhereas, ithe ipost icombustion iflue igas ipressure iis iat i(~ i1 ibar) iand ipartial ipressure iof iCO2 iis 

ilow i(PCO2 i~ i0.15 ibar). iHowever, ithe ihigh ipressure iadsorption iisotherms iare imore irelevant 

ito ithe ipre-combustion iapplication i(see iTable i2-3). iThe iAdsorption iisotherms iat ihigh 

ipressure iare imostly iinfluenced iby ithe isurface iarea iof iMOFs, iwhere ithe igreatest iadsorption 

iisotherm icapacities iare idictated ifor ihigh isurface iarea iMOFs. iThe ifocus iof ithis ireview iwill 

ibe ion iadsorptions iat iambient itemperature iand ilow ipressure isimulating ipost icombustion 

iapplications. 



19 

 

Most iof ithe iMOFs iadsorption iisotherms ipresent ia iLangmuir ishape, iwhere iat ilow 

iCO2 ipartial ipressure ismall ichanges iin ipressure iresult iin ilarge ichanges iin icapacity iwith ia 

ilinear islope; ihowever ifew iMOFs iexhibit iother itypes iof iisotherms iincluding: istepwise 

iisotherms, isigmoidal iisotherms, iand ihysteretic iisotherms. iThere iis ia idisagreement ion ithe 

icause iof ithe ideviation iof iadsorption iisotherms ifrom iLangmuir iisotherm ibehavior. iSome 

iauthors iattributed ithe istepwise iisotherms ito ithe istructural ifeatures iof ithe iMOFs isuch ias 

iMCF-19 ithat ihas iabiporous istructure iof icages iand ichannels i[75]. iOthers iattributed ithe 

isigmoidal iisotherm ito ithe ielectrostatic iinteractions ibetween iCO2 imolecules iin ithe iMOF 

ipores isuch ias, iMOF-5, iMOF-177, iand iMOF-210 i[66,76]. iSeo iet ial. i[77] iattributed ithe 

ihysteretic iisotherm ibehaviour iof iCO2 iadsorption ion iMOF iZn(2,7-ndc)(2,7-bdc=2,7- 

inaphthalenedicarboxylater) ito ithe iunique iarrangement iof ithe ipore ichannels iand itheir 

inarrow ipassages icompared ito ithe icritical idimensions iof ithe iCO2 imolecule. 
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Table 2-2 Low pressure CO2 adsorption capacities for different MOFs 

  Surface Area 

(m2/g) 

  Capacity  

Material Common name BET Langmuir Uptake 

Temperature 

(K) 

Pressure 

(bar) 

wt% mmol/g Ref 

Zn4O(BTB)2 MOF-177 5400 4690 298 1 3.6  [75] 

Zn/DOBDC  816  296 1 5.8  [65] 

Mg2(dobc) Mg-MOF-74, 

CPO-27-Mg 
1174 1733 298 1 27.5  [76] 

    298 1 27.2  [77] 

V(IV)O(BDC) MIL-47 600 872 298 1 8.1  [77] 

Cu3(BTC)2(H2O)1.5 HKUST-1, (4 wt % 

H2O) 
  298 1 27  [59] 

Cu3(BTC)3(H2O)3 HKUST-1, (8 wt % 

H2O) 
  298 1 17.4  [59] 
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  Surface Area 

(m2/g) 

  Capacity  

Material Common name BET Langmuir Uptake 

Temperature 

(K) 

Pressure 

(bar) 

wt% mmol/g Ref 

Ni/(DOBDC)  1070  296 1 11.6  [65] 

Ni2(DOBDC) Ni-MOF-74, CPO-

27-Ni 
936 1356 298 1 23.9  [77] 

  1083 1312 303 1 22.6  [78] 

Mg/DOBC  1495 1905 296 1 23.6  [65] 

Ni2(DHTP)  1083 1312 303 1 11  [64] 

Ni3(pzdc)2(7H-

ade)2(H2O)4 
 165  298 1 9.8  [79] 

Ni3(pzde)(bptc)   505 195 1 24.3 5.5 [56] 

Zn2(dobdc) Zn-MOF-74, CPO-

27-Zn 
  296 1 19.8  [77] 
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  Surface Area 

(m2/g) 

  Capacity  

Material Common name BET Langmuir Uptake 

Temperature 

(K) 

Pressure 

(bar) 

wt% mmol/g Ref 

Co2(dobdc) Co-MOF-74, CPO-

27-Co 
957 1388 298 1 24.9  [77] 

Cu3(BTC)2 HKUST-1 1400  293 1 19.8  [80] 

    295 1 18.3  [77] 

   1492 298 1 18.4  [59] 

Al(OH)(bpydc) MOF-253 2160 2490 298 1 6.2  [81] 

Ni2(2-amino-

BDC)2(DABCO) 

USO-2-Ni-A 1530  298 1 14  [82] 

Zn3(NTB)2 SNU-3  419 195 1  6.75 [83] 

Cu3(BPT(N2))2 UMCM-150(N2)   298 1 10.8  [77] 

Cr(OH)(BDC) MIL-53(Cr)   304 1 8.5  [54] 

Zn4O(BDC)3 MOF-5, IRMOF-1 2304 2517 296 1 8.5  [84] 
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  Surface Area 

(m2/g) 

  Capacity  

Material Common name BET Langmuir Uptake 

Temperature 

(K) 

Pressure 

(bar) 

wt% mmol/g Ref 

    295 1 9.24 2.1 [66] 

Co2(adenine)2(CO2CH3)2 bio-MOF-11 1040  298 1 15.2  [85] 

Zn(IDC) IMOF-3 802  298 1 8.6  [86] 

Cu3(TATB)2 CuTATB-60, 

PCN-6 
3811 4436 298 1 15.9  [87] 

Zn(almeIm)2 ZIF-93 864  298 1 6.7  [88] 

Mg(tcpbda)    298 1 6.5 1.49 [76] 

H3[(Cu4Cl)3(BTTri)8] Cu-BTTri 1770 1900 298 1 14.3  [67] 

Zn2(ox)(atz)2  782  293 1.2 14.2  [89] 

Zn4O(PDC)3 IRMOF-11 2096  298 1.1 7.3  [66] 

Cu3(TATB)2 Cu-TATB-30 2665 3065 298 1 13.4  [87] 
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  Surface Area 

(m2/g) 

  Capacity  

Material Common name BET Langmuir Uptake 

Temperature 

(K) 

Pressure 

(bar) 

wt% mmol/g Ref 

Zn4O(BDC-NH2)3 IRMOF-3 2160  298 1.1 5.1  [66] 

Cu2(bdcppi)(DMF)2 SNU-50 2300 2450 298 1 13.7  [90] 

Cr3O(H2O)2F(BDC)3 MIL-101(Cr) 2674  319 1 14.2  [91] 

Cu2(bptc)(H2O)2(DMF)3 MOF-505 1547  298 1.1 12.6  [66] 

Al(OH)(2-amino-BDC) NH2-MIL-53(Al), 

USO-1-Al-A 
960  298 1 12  [70] 

Al(OH)(bpydc) 3 

0.97Cu(BF4)2 
 

705  298 1 11.8  [81] 

Co(tImb) 3 DMF 3 H2O 
 

886 1170 298 1 11.7  [92] 

Ni2(pbmp) Ni-STA-12   304 1 9.9  [93] 

Zn4O(BDC-C2H4)3 IRMOF-6 2516  298 1.2 4.6  [66] 

Al(OH)(BDC) MIL-53(Al), USO-

1-Al 

1300  298 1 10.6  [70] 
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  Surface Area 

(m2/g) 

  Capacity  

Material Common name BET Langmuir Uptake 

Temperature 

(K) 

Pressure 

(bar) 

wt% mmol/g Ref 

 
 

1235 1627 303 1 9.2  [94] 

In(OH)(BDC) 
 

  298 1 4  [70] 

In(OH)(NH2BDC) 
 

  298 1 8  [70] 

Ni2(BDC)2(DABCO) USO-2-Ni 1925  298 1 10  [70] 

Cu3(BPT)2 UMCM-150   298 1 10.2  [77] 
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Table 2-3 High pressure CO2 adsorption capacities for different MOFs 

  Surface Area 

(m2/g) 

  Capacity  

Material Common 

name 

BET Langmuir Uptake 

Temperature 

(K) 

Pressure 

(bar) 

wt% mmol/g Ref 

Zn4O(BBC)2(H2O)3 MOF-200 4530 10400 298 50 73.9  [95] 

Zn4O(BDC)3 MOF-5, 

IRMOF-1 

2296 3840 298 35  21.7 [66] 

Mg2(dobdc) Mg-MOF-74 1542  278 36 68.9  [64] 

V(BDC)(O) MIL-47 1500  298 20  11 [96][97] 

Al(BDC)(OH) MIL-53(Al) 1100 1500 298 25  10 [96] 

    304 25 30.6  [96] 

Al(ABDC)(OH) Amino-MIL-

53(Al) 

  303 13 30 6.7 [69] 

    303 5 10 2.3 [69][98] 

Zn4O(BTB)4/3(NDC) MOF-205 4460 6170 298 50 62.6  [95] 

Zn4O(BTB)2 MOF-177 4500 5340 298 50 60.8  [95] 
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  Surface Area 

(m2/g) 

  Capacity  

Material Common 

name 

BET Langmuir Uptake 

Temperature 

(K) 

Pressure 

(bar) 

wt% mmol/g Ref 

Zn4O(BTB)2 MOF-177 4750 5640 298 42  33.5 [66] 

  4690 5400 313 40 60.6  [99] 

  4898 6210 298 30 56.8  [100] 

Cr(OH)(BDC) MIL-53(Cr) 1100 1500 304 25  10.1 [96] 

Cr(OH)(BDC)(H2O) Hydrated 

MIL-53(Cr) 

  304 18  7.7 [54][101] 

Cr3O(H2O)2F(BDC)3 MIL-101(Cr) 4230 5900 304 50 56.9 40 [102] 

  3360 4792 298 30 50.2  [103] 

Ni2(dobdc) Ni-MOF-74, 

CPO- 

27-Ni 

1218  278 22 54.2  [64] 

Zn2O(ABDC)3 IRMOF-3 2160  298 35  18.7 [66] 

[Cu(H2O)]3(ntei) PCN-66 4000 4600 298 35 53.6  [104] 
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  Surface Area 

(m2/g) 

  Capacity  

Material Common 

name 

BET Langmuir Uptake 

Temperature 

(K) 

Pressure 

(bar) 

wt% mmol/g Ref 

Zn4O(BDC)(BTB)4/3 UMCM-1 4100 6500 298 24 52.7  [105] 

Al4(OH)8(BTEC) MIL-120 308 432 303 10  4.2 [106] 

Cu4(TDCPTM) NOTT-140 2620  293 20 46.2  [107] 

Tb16(TATB)16(DMA)24  1783 3855 298 43 44.2  [108] 

Cr3O(H2O)3F(BTC)2 MIL-100(Cr) 1900 3100 304 50 44.2 18 [109] 

Cu3(BTC)2 HKUST-1 1270  313 30 42.8  [110] 

  2211  303 40 40.1  [111] 

  1571  298 15 35.9 12.7 [58] 

  1781  298 35  10.7 [66] 

Cr3O(H2O)2F(NTC)1.5 MIL-102(Cr)  42.1 304 30 13 3.1 [112] 
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  Surface Area 

(m2/g) 

  Capacity  

Material Common 

name 

BET Langmuir Uptake 

Temperature 

(K) 

Pressure 

(bar) 

wt% mmol/g Ref 

H3[(Cu4Cl)3(BTTri)8] Cu-BTTri 1750 2050 313 40 42.8  [99] 

Co(BDP) Co-BDP 2030 2780 313 40 41.3  [99] 

Zn2O(ABDC)3 IRMOF-11 2096  298 35 14.7  [66] 

[Cu(H2O)]3(btei) PCN-61 3000 3500 298 35 50.8  [104] 

Zn2(BPnDC)2(bpy) SNU-9  1030 298 30 29.9  [113] 

Zn4O(DBDC)3 IRMOF-6 2296 3840 298 40  19.8 [66] 

Zn(BDC)(BPY)0.5 MOF-508b   303 5 26 6 [114] 

Zn4O(BTE)4/3(BPDC) MOF-210 6240 10400 298 50 74.2  [95] 

Al12O(OH)18(H2O)3(Al2(OH)4)(BTC)6 MIL-96(Al)   303 20 18.6  [77] 
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2.5 Summary 

In isummary, iCO2 icapture iis iattracting ithe iboard iattention iof iboth iscience iand itechnology, 

ibecause iof ithe ilarge ianthropogenic iCO2 iemission iin ithe ilast ifew idecades ias ia ipotential iway 

ito ireduce igreenhouse igas iemissions. iAmong ithe ihighlighted iseparation itechnologies iin ithis 

ireview iare iamine-based iabsorption, iaqueous iammonia-based iabsorption, iand imembrane 

iAdsorption iwith imetal iorganic iframeworks iseems ito ibe ithe imost ipromising iCO2 icapture 

itechnologies. iMetal iorganic iframeworks irepresent ia inew iclass iof icrystalline iporous 

imaterial iwith iadvantages isuch ias iease iof idesign iand isynthesis ihigh iporosity iand itunable 

ipore iproperties. iIn iaddition, imetal iorganic iframeworks ipossess ia igreat iadvantage iover 

iother icapture itechnologies, idue ito ithe ireduced iheat icapacity iwhich ireflects ithe iquantity iof 

ienergy irequired ifor iheating iof ithe isorbent imaterial ito ithe idesorption i(regeneration) 

itemperature. iMOFs ihold iseveral irecords ibetween iporous imaterials isuch ias ithe ihighest 

isurface iarea, ithe ihighest ihydrogen iuptake ibased ion iphysical iadsorption, iand ithe ihighest 

imethane, iand iCO2 istorage. iTherefore, iMOFs iare ipromising icandidates ias iseparation 

imaterials ifor iCO2 icapture; ihowever, ifurther iinvestigation iand iresearch iis ineeded iin iseveral 

iaspects ito imake imetal iorganic iframeworks isuitable ifor ireal-world iapplications. iFor 

iexample, icontrolling ithe istructure iof imetal iorganic iframeworks isuch ias iincreasing ithe 

istrength iof ithe imetal-ligand ibonds ithrough ithe iincorporation iof ihigh-valent imetal ications 

i(e.g. iAl3+
 iand iTi4+) ior imore istrongly ibinding iligands i(e.g. ipyrazolates iand itriazolate) ithat 

ican iimprove ithe ichemical iand ithermal istability iof iMOFs iand imake ithem imore icapable iof 

iwithstanding ithe ihigh ilevel iof iwater ipresent iin ithe iflue igas isteam iin ipost-combustion iCO2 

icapture iapplication. 
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Chapter 3: Review on Different 

Characterization Techniques 

 

Several characterization techniques are used for the qualitative analysis of 

prepared catalyst. XRD, SEM, EDS, BET, TGA and GC-MS tests have used in order to 

check the properties of catalyst. The basic working conditions and the principles of the 

techniques are mentioned below. 

3.1 X-ray powder diffraction (XRD) 

A German scientist “Wilhelm Conrad Rontgen” discovered the X-rays in 1895. X-

ray powder diffraction (XRD) is used for identification of phase of crystalline material 

and information on unit cell dimensions. X-rays are electromagnetic waves of shorter 

wavelength having energy between 200 eV to 1 MeV [1]. XRD uses the method of 

constructive interference of crystalline sample with monochromatic X-rays. The main 

operating principle of XRD is determined by Bragg‟s law. The radiation having 

wavelength similar to atomic spacing of crystal is scattered by atoms of crystalline solid 

and experience constructive interference. Consider Xrays strikes on a crystalline solid 

having inter planar distance „d‟. Some of the X-rays got scattered from the crystal atoms. 

If the dispersed waves affect productively, they stay in phase as the variation between the 

path lengths of the two waves is equivalent to an integer multiple of the wavelength. The 

variation in the path length of two waves experiencing interference is given by 2dsinθ and 

θ is the scattering angle. The Bragg's law describes the relation of θ with wavelength and 

interplaner spacing „d‟ for the constructive interference to be at its greatest by following 

equation 

2dSinθ = nλ 

The material sample is finely pulverized and average bulk composition is defined using 

this technique. The high speed electrons are generated from filament, which strikes a metal 

plate (Cu) to give X-Rays. The generated x-rays are allowed to pass through a collimator 

which absorbs all X-rays except a narrow beam. Filters or crystal monochromators are 
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used for monochromatization of X-rays. Moreover the X-rays fall on sample and the 

scattered X-rays are recorded by a photographic film or counter methods. The result 

obtained from this technique is called diffractogram. The difractogram can be obtained in 

either intensity vs. transmittance or reflectivity format as shown in “Figure 3-1”. The 

apparatus used for analysis is “Bruker AXS Strahlenschutzbox (schmal) A25-A2”. 

 

Figure 3-1: Bragg's Law figurative description 

3.2 Scanning Electron Microscopy (SEM) 

Scanning Electron Microscope is a technique that describes the structural 

properties of the material. There are two main component of SEM that is electronic 

console and electron column. Electronic console controls the knobs and switches are used 

to control the filament current, voltage, brightness and contrast. The function of electron 

column is generating electron beam with the help of vacuum pump, which is shown in 

“Figure 3-2”. Electromagnetic deflection coils are used to scan the sample image. The 

lower portion of the column is specimen chamber and second electron detector is present 

above the sample stage. Free electrons are produced from electron gun by thermionic 

emission from filament (tungsten) at temperature on 2700 K. the function of filament is 

to electrons generated from electron gun. Condenser lenses are used to converge the beam 

and pass through the focal point. The electrons column is used to find the aperture of 

sample image. These apertures reduce the extraneous electrons in the lenses. The size of 
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the beam regulates with the using of final lens. Detailed specimen of SEM is in following 

[2]. 

 

Objective lens contains the deflection coils and images are normally formed by scanning 

with the restoring of electron beam. Sample chamber contains the sample stage and 

controls are located at the lower portion of the column. The morphology analysis is 

controlled by electron beam. A high pressure is required for the detail and good images 

ranging about 5*10-5torr [3]. 

3.3 Brunauer-Emmett-Teller Analyses (BET) 

BET is named after the first names of its inventors Brunauer-Emmett-Teller. This 

technique is used for the external surface area evaluation and pore measurements yielding 

important information about the effects of porosity and particle size properties [4]. The 

heterogeneous catalysts have individual or more group of pores whose size and volume 

are influenced by the method of preparation of catalyst. 

Figure 3-2: SEM instrument diagram 
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The pores are differentiated in diverse classes reliant on their size. 

 Micropores: Size < 2nm 

 Mesopores: 2nm < Size < 50nm 

 Macropores: Size > 50nm 

Pores can further be divided in different categories depending upon their geometry. 

Pores can be cylindrical or slit shaped or more commonly irregular shaped. The irregular 

shaped pores can be bottleneck shaped or funnel shaped. Apart from that the pores can be 

divided into various categories depending upon their connectivity. Some pores are 

connected with each other to form a porous network whereas some pores are „closed‟ 

which means they have no access from any sides. Some pores are „through‟ which means 

they can be accessed from two or more sides where some pores are termed as „open pores‟ 

because they can be accessed from only one side. These attributes of pores can greatly 

affect the catalytic behavior of the porous solid. 

 Nitrogen Adsorption at 77K is the best extensively used technique for surface area 

analysis and characterization of porous texture. This analysis method uses the nitrogen 

multilayer physical adsorption studied against change of pressure. First step is the 

determination of adsorption isotherm; nitrogen adsorbed volume against its relative 

pressure. The adsorption isotherm depends upon the porous texture of the solid.  

3.3.1 TYPE I (Microporous Solids) 

There is strong contact among pore walls and the adsorbate because of which 

adsorption takes place at very low relative pressure. First the pores are filled at low relative 

pressures without capillary condensation. Once the pores got filled the adsorption is 

continued at external surface as in case of mesoporous solid. 

3.3.2 TYPE II (Macroporous Solids) 

At low pressure adsorption takes place due to formation of monolayer whereas at 

higher relative pressures multilayer adsorption takes pace. The monolayer and multilayer 

formation processes always overlaps. 

3.3.3 TYPE III 

In the Type III isotherm, the interactions between the adsorbate-adsorbent are 

relatively weak hence the molecules that are adsorbed are gathered around the sites on the 

surface of a macroporous or nonporous solid that are most favorable. As opposed to the 
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isotherm of Type II, there is a finite amount that remains adsorbed at the saturation 

pressure (i.e., at p/p⁰ = 1). 

3.3.4 TYPE IV (Meso porous Solid) 

At low relative pressures monolayer formation takes place. At higher relative 

pressures multilayer formation occurs until a condensation pressure is achieved which 

gives a sharp rise in adsorbed volume. 

3.3.5 TYPE V 

At low p/p⁰ range, the isotherm shape of Type V is very comparable to that of Type 

III and this can be ascribed to the adsorbate-adsorbent interactions that are relatively weak. 

At p/p⁰ range which is higher, the clustering of the molecules is followed by pore filling. 

3.3.6 TYPE VI (Ultra micro porous Solids) 

The relative pressure at which adsorption occurs depends on the adsorbate-surface 

interaction. If the solid is energetically uniform the whole process takes place at a well-

defined pressure. Whereas if the surface have energetically non uniform groups, a stepped 

isotherm is achieved. 

 

Figure 3-3: Different types of adsorption isotherms 
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3.4 Thermo-gravimetric analysis (TGA) 

Thermal analysis is a technique used to study the changes in weight of a substance 

when subjected to the temperature change. When any material is subjected to heating 

under controlled environment it undergoes several changes due to reduction, oxidation, or 

decomposition. Such weight changes can be used to study the thermal stability and 

kinetics of any sample under temperature. The basic apparatus used for thermal analysis 

is mentioned in “Figure 3-4”. 

Thermo-gravimetric analysis also termed as thermal gravimetric analysis is a kind 

of thermal analysis. It is defined by International Confederation for Thermal Analysis and 

Calorimetric (ICTAC) as a method in which the variation in the mass of a sample is 

observed as it is subjected to a temperature controlled program. In this technique we 

observe the variations in physical or chemical properties of sample by with constant 

heating rate, or as a function of time (through constant temperature or constant mass loss). 

There are three types of thermal gravimetric analysis used as given below 

3.4.1 Dynamic TGA 

Weight change is examined while temperature rise is linear with time. 

3.4.2 Static TGA 

Weight change is recorded against time while providing constant temperature. 

3.4.3 Quasistatic TGA 

A series of temperature increase is provided and sample weight remains constant 

for each series. 

The dynamic thermal gravimetric analysis is performed in this study. The constant 

rise in temperature is provided and the weight changes are studied.  
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Figure 3-4: TGA Apparatus block diagram 

3.5 Energy Dispersive X-ray Spectrometry (EDS) 

EDS are attached with the scanning electron microscopy and solid sample are 

bombarded with the electron of focused beam to analyze the chemical composition. All 

the elements can be analyses from atomic number 4 (Be) to 92 (U). X-ray microanalysis 

can be done when high energy electron is bombarded with the sample in an electron 

microscopy. To separate the x-ray with the energy level so we use energy dispersive 

spectrometer. The basic diagram of apparatus is given in following figure. 

 

Figure 3-5: Energy Dispersive X-ray Spectroscopy 

3.6 Single-Crystal X-ray Diffraction 

Single-crystal X-ray Diffraction is an analytical technique in which detailed 

information is provided about the internal lattice of a substance that is crystalline. The 
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information provided includes bond-angles, bond-lengths, unit cell dimensions, and 

details of site-ordering. The refinement of the single-crystal is also directly related to 

SCXRD, in which the generated data from X-ray analysis is refined and interpreted so that 

the crystal structure is obtained. 

There are three elements which are basic to an X-ray diffractometers, a sample 

holder, an X-ray tube, and an X-ray detector. A cathode ray tube is used to generate X-

rays. The heating of a filament produces electrons which are accelerated towards a target 

by applying a voltage These X-rays are made parallel to each other and focused onto the 

sample. When the Bragg Equation is satisfied by the geometry of the incident X-rays 

impacting the sample, constructive interference occurs. This X-ray signal is recorded and 

processed by a detector which converts the signal to a count rate. This count rate is then 

sent to an output device such as a computer monitor or a printer which displays the result. 

 

Figure 3-6: Single-crystal X-ray Diffractometer 

3.7 Summary 

For the testing of catalyst several characterization techniques like XRD, SEM, BET and 

TGA are used for the prepared catalyst. Scanning electron microscopy is a technique 

which can be used to find out the structural properties of the crystal. X-ray diffraction 

(XRD) is the technique to find out the phase of an unknown crystalline material and also 
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the information about the crystal shape and size. EDS was used for the elemental analysis 

and TGA gives the information about the thermal degradation of the material. 
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Chapter 4: Methodology 

 For the synthesis of MOFs, a so called “modular synthesis” method is employed 

in which a mixture of appropriate ligands and the metal precursors are combined in a 

solvent under mild conditions. This allows the MOF to be synthesized with a crystalline 

porous network. When the MOF is synthesized, it contains the solvent used during 

synthesis trapped in the pores which needs to be removed. This solvent is removed either 

by applying heat, vacuum or exchange with molecules that are volatile in nature. This 

removal of the solvent from MOF is known as the activation of MOF which results in a 

large surface area and pore volume of the MOF. Many other synthesis approaches have 

been developed for MOF which include sonication synthesis [1], microwave synthesis, 

solvothermal synthesis, solid start synthesis [2] and mechanochemical synthesis [3]. 

4.1 Materials and Methods 

Copper Nitrate (Cu(NO3)2), terephthalic acid (BDC) , 2-aminoterephthalic acid 

(H2ABDC), N,N-dimethylformamide (DMF) and methanol were all purchased from 

Sigma-Aldrich. For the synthesis of MOFs, all the chemicals were used as purchased, 

without any further purification. 

4.1.1 Synthesis of Cu-BDC MOF 

For the synthesis of Cu-BDC MOF, the procedure published by Carson et al. [4] 

was followed in which equimolar quantities of terephthalic acid (BDC, 0.724 g) and 

copper nitrate (Cu(NO3)2, 1.053 g) were dissolved in 87 ml of DMF used as a solvent. 

When the reactants were mixed and dissolved, a blue solution was obtained which was 

placed in a 120 ml closed glass bottle. The glass bottle with the blue solution was placed 

in an oven which was set at 110℃ for 36 hrs. After 36 hrs, when the solution was removed 

from the oven, blue precipitated crystals were visible in the bottom of the bottle which 

were recovered through centrifugation. For the recovery of MOF crystals, the centrifuge 

was run at 4500 rpm for 20 mins which separated the MOF from the solution. After 

recovery, the MOF crystals were washed several times using DMF. Once washed, the 

MOF crystals were then dried at a temperature of 180℃ to remove any DMF molecules 

present in the MOF. 
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4.1.2 Synthesis of Cu-ABDC MOF 

The Cu-ABDC MOF was prepared using the solvothermal method for MOF 

synthesis which is the most common and widely used method for synthesizing MOFs. For 

the synthesis of Cu-ABDC MOF, H2ABDC (1 g) and copper nitrate (2.07 g) were 

dissolved in 60ml of DMF. [5] The reagents for the synthesis were stirred at room 

temperature for 10 min and then transferred to an autoclave. The autoclave was heated in 

an oven at 110℃ for 24 hrs under autogenous pressure. Upon completion of the 

solvothermal reaction, light-green colored crystals were obtained which were recovered 

through centrifugation at 4000 rpm for 25 min, washed in DMF and then rinsed multiple 

times in methanol. The crystals obtained were then dried in at 60℃. 

4.1.3 Activation of MOFs 

When the MOFs were synthesized and dried, they still might contain some of the 

solvent molecules trapped in the pores. Before the characterization and testing of the 

MOF, it was activated by heating the MOF samples in a vacuum oven. The samples were 

heated at 160℃ under vacuum conditions for a period of 12 hrs. This helped to remove 

the trapped solvent molecules from the pores. 

4.2 Characterization of MOFs 

Several characterization techniques were used to qualitatively analyze the MOFs 

prepared. The characterization techniques used included SEM, EDS, XRD, SCXRD and 

TGA.  

4.2.1 Scanning Electron Microscopy (SEM) 

For the Scanning Electron Microscopy (SEM) of the MOF samples, a TESCAN 

SEM VEGA3 microscope was used. The samples were gold-coated before taking the SEM 

images in order to prevent the charging of the sample. The HV of the microscope was set 

to 20kV and images of the MOF crystals were taken at different resolutions. 

4.2.2 Energy Dispersive X-ray Spectroscopy (EDS) 

The EDS of the MOFs was also determined by using the TESCAN SEM VEGA3 

microscope. An image was taken and different points were selected at which the software 

determined the elemental composition of the MOF samples. 
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4.2.3 Powder X-ray Diffraction 

A Bruker Advanced X-ray diffraction system (40 kV, 30 mA) was used for the 

collection of Powder X-ray Diffraction (PXRD) patterns of the MOF samples. The 

operating 2θ range of the diffractometer was from 5 to 45° with a step size of 0.02°. For 

the Cu-BDC MOF, the PXRD patterns were compared with the reported MOF. [4] As for 

the PXRD pattern of Cu-ABDC MOF, it was compared with the simulated patterns 

obtained from single crystal data using the Mercury program. 

4.2.4 Single Crystal XRD 

For the single crystal XRD studies, the prepared sample was sent to UK where the 

tests were conducted in the lab of Cardiff University. Single-crystal structure analyses of 

the MOF were performed on an Oxford Diffraction Gemini CCD diffractometer which 

was operating in the ω scan mode. 

4.2.5 Thermo-gravimetric Analysis 

The thermal stability of the MOFs was analyzed on a DTG-60H Thermo 

Gravimetric Analyzer (TGA). The environment used during analysis was of N2 for both 

the MOFs. 

For Cu-BDC MOF, a 10 mg sample was used for the test and it was heated from 

20 to 700°C at a heating rate of 10℃min-1. For the Cu-ABDC MOF, a heating rate of 

10°C min-1 from 20 to 500°C was used and the weight of sample was 3.57 mg. During the 

thermal stability test of the MOFs, N2 gas was supplied at a flow-rate of 50 ml min-1. 

4.3 N2 adsorption study 

The N2 adsorption studies of the MOF were conducted on a Quantachrome Nova 

2200e and the Quantachrome NovaWin application was used for the calculation of surface 

area and pore volumes of the MOF. Before conducting the N2 adsorption analysis, the 

sample was degassed at 160℃ under vacuum for 12 hours. The N2 adsorption isotherms 

were obtained at -196℃ at a relative pressure of P/P⁰= 0.005-0.9 for the surface area and 

pore volume analysis of the MOF. 

4.4 CO2 adsorption study 

For the CO2 adsorption studies of the MOF, Quantachrome Isorb-HP100 

volumetric type sorption analyzer was used which evaluated the adsorption capacity by 

monitoring pseudo equilibrium adsorption uptakes. Prior to the CO2 adsorption analysis 
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of the MOF, the sample was degassed at a temperature of 120℃ for 12 hours and then 

back filled with helium gas. During the CO2 adsorption analysis, the Adsorbate Equation 

of State used was the Helmholtz. The sample was tested for adsorption at 0℃ and 25℃ 

at absolute pressures from 0 to 20 bar. 

4.5 Summary 

This study focused on the synthesis of two MOFs, Cu-BDC and Cu-ABDC. Both the 

MOFs were synthesized using the conventional method for MOF synthesis i.e. 

solvothermal reaction. Once the MOFs were prepared, they were characterized using 

different characterization techniques like SEM, EDX, XRD and TGA. The adsorption 

studies of both the MOFs were also carried out to identify their capabilities to adsorb CO2 

at different conditions of pressures and temperature.  
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Chapter 5: Results and Discussion 

 

5.1 Characterization Results 

5.1.1 Scanning Electron Microscopy (SEM) 

SEM is a technique of characterization of material which shows us the structure of 

the material and hence gives us information about the structural properties of the crystals 

in the material. Figure 5-1 shows the SEM images of Cu-BDC MOF taken at different 

resolutions. The images are taken at X1000 (Figure 5-1(a)), X2700 (Figure 5-1(b)) and 

X5000 (Figure 5-1(c)). From the images it is clearly visible that the prepared crystal of 

Cu-BDC MOF are somewhat regular and in the shape of independent cuboid crystals. It 

can also be noted that the Cu-BDC MOF shows good crystallinity. 

 

Figure 5-1: SEM images of Cu-BDC MOF 
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 The SEM images of the Cu-ABDC MOF are shown in Figure 5-2. The first two 

images, Figure 5-2(a) and (b) are of a single crystal being focused but at different 

resolutions, Figure 5-2 (a) being at a resolution of X5000 and Figure 5-2 (b) being at 

X26000. It can be clearly seen that small and thin sheet like crystals are attached to the 

Cu-ABDC MOF crystal. The next three SEM images i.e. Figure 5-2 (c), (d) and (e) are of 

another area in the MOF showing irregular shaped crystals and it can be seen that there 

also exist thin sheet like structures in the MOF. Upon maximum magnification of X48000 

in Figure 5-2 (e), we can see that small crystals are cluttered together. 

 

Figure 5-2: SEM images of Cu-ABDC MOF 

 Comparing the SEM images of both Cu-BDC MOF and Cu-ABDC MOF with 

each other, it can be noted that the crystals of Cu-BDC MOF are regular and show good 

crystallinity but those of Cu-ABDC MOF are irregularly shaped and are a mixture of 

different shaped crystals. It can also be observed that the crystals of Cu-ABDC MOF 

(Figure 5-2) are of much smaller size than that of Cu-BDC MOF (Figure 5-1). 
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5.1.2 Energy-dispersive X-ray Spectroscopy (EDS) 

The EDS data of the synthesized MOFs during this study, Cu-BDC MOF and Cu-

ABDC MOF, is given in Table 5-1. From the elemental composition of the MOFs, it can 

be confidently stated that the MOFs prepared are without any impurity because there is 

no foreign element present in the MOF. 

Table 5-1: Elemental composition of MOFs from EDS 

Element/Sample Cu-BDC MOF Cu-ABDC MOF 

C wt% 51.93 55.17 

O wt% 35.25 32.31 

Cu wt% 12.82 5.03 

N wt% - 7.49 

 

 
Figure 5-3: EDS data of Cu-BDC MOF 
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Figure 5-4: EDS data of Cu-ABDC MOF 

5.1.3 X-ray diffraction (XRD) 

X-ray diffraction (XRD) is a characterization technique which is used to determine 

the phase of a crystalline material that is unknown. It also gives the information about the 

size and shape of the crystal. Figure 5-5 shows the XRD pattern of the Cu-BDC MOF. In 

the XRD pattern, the peak at 2θ= 10.2⁰ and 16.7⁰ with miller indices (002) and (110) 

respectively corresponds to amorphous carbon (C70) with PDF # 48-1206. The peaks at 

angle 11.95⁰ with miller index (002) and the one at angle 36.4⁰ with miller index (111) are 

of Copper in the form of Copper Acetate (PDF # 27-1126) and Cuprite (PDF # 05-0667) 

respectively. Lastly the peak at 24.7⁰ with miller index (110) is Mesotartaric acid hydrate 

with PDF # 40-0609. 

 

Figure 5-5: XRD pattern of Cu-BDC MOF 
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Figure 5-6 shows the PXRD patterns of the prepared Cu-ABDC MOF sample and 

PXRD pattern of the model Cu-ABDC structure which was predicted from the 

calculations of the SXRD. From the figure it can be clearly seen that both the patterns are 

highly similar which indicates that the prepared MOF sample is of high degree of purity. 

The peaks at 2θ 10° and 42.5° indicates the presence of carbon (PDF card # 48-1206) in 

the MOF, and the peaks at 2θ 11.9° confirms the presence of copper (PDF card # 27-

1126). The peaks at 2θ 20.5° and 26.8° confirms the presence of Nitrogen (PDF Card # 

06-0500 and 35-0845 respectively) in the MOF 

 

Figure 5-6: XRD patterns of Cu-ABDC MOF, simulated (black) and synthesized (red) 

5.1.4 Thermo-gravimetric Analysis (TGA) 

Thermal gravimetric analysis of both the MOF samples was done under nitrogen 

gas atmosphere. The weight loss (TGA) curve of the Cu-BDC MOF sample is shown in 

Figure 5-7. From the figure it is evident that there is an initial weight loss in the sample. 

This initial 10% weight loss which occurs at a temperature of 200°C and ends at 260°C is 

attributed to the loss of solvent which might be trapped in the pores of the MOF. At 

temperature above 260℃, there is no weight loss until 340℃ which shows the stability of 

MOF up to a temperature of 340℃. When the temperature starts to rise above 340℃, 

pyrolysis starts and the structure of the MOF starts to breakdown and as is visible from 



59 

 

the figure, a very rapid weight loss occurs. The complete structure of the MOF breaks 

down at 380℃ leaving behind residue. 

 

Figure 5-7: Weight loss (TGA) curve of Cu-BDC MOF 

 The weight loss (TGA) curve of Cu-ABDC MOF is shown in Figure 5-8. The 

initial weight loss (about 8%) of the Cu-ABDC MOF sample at 160 to 220°C indicates 

the degradation of DMF adsorbed at the surface of the MOF. At 255°C temperature, the 

decomposition of carboxylate ligand starts and afterwards a rapid degradation can be 

noted. At temperature above 368°C, no further weight loss can be seen which indicates 

that the structure of the MOF has completely been destroyed and residual Copper oxide is 

left behind. 

 Comparing the weight loss (TGA) curves of both the MOFs, we can confidently 

say that Cu-BDC MOF is thermally more stable than the Cu-ABDC MOF. 
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Figure 5-8: Weight loss (TGA) curve of Cu-ABDC MOF 

5.1.5 Single Crystal XRD of Cu-ABDC MOF 

The Single Crystal X-ray Diffraction reveals that the Cu-atom and the ABDC 

ligand are occupying the center of symmetry in the MOF. The metallic cluster is of a 

bimetallic nature where a Cu-atom is attached to another Cu-atom and 4 O-atoms from 

the carboxylate ligands and one from the O-bound DMF forming a cluster. As can be seen 

from Figure 5-9, the carboxylate ligands form a bridge in connecting a bimetallic cluster 

with another cluster hence forming a 3-dimensional framework. The amino group in the 

MOF is situated on two sites of the ABDC ligand and also on the non-bridging O-atom. 

As is evident from the figure, the DMF solvent molecule which completes the 

coordination sphere of the metal ion can easily be used to generate Open Metal Sites 

(OMSs) in the MOF framework by the DMF molecule removal using solvent-exchange 

and evacuation method. This can aid in increasing the adsorption capacity of the MOF. 
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Table 5-2: Crystallographic Data of Cu-ABDC MOF 

Frameworks Cu-ABDC 

Formula C11H12CuN2O5 

Space Group I 2/m (12) 

T, K Room Temp. (283-303) 

a, Å 7.9458 (7) 

b, Å 14.9664 (8) 

c, Å 11.1033 (10) 

Volume, Å3 1243.71 

α 90 

β 109.624 (10) 

γ 90 

Z 4 

R-factor (%) 4.93 

 

Figure 5-9: Structural description of Cu-ABDC MOF (N atoms marked in blue) 
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5.2 CO2 adsorption study 

Figure 5-9 shows the CO2 adsorption capacities of the Cu-ABDC MOF which 

were measured at 10 °C and 25 °C. The pressures at these temperatures were from 0 to 20 

bars. Three consecutive adsorption-desorption cycles were conducted on the sample at 

each condition. Before analysis, the sample was degassed at 120°C for 12 hours and the 

heating rate was set at 5°C min¬-1. The CO2 adsorption capacity of the MOF at 25°C and 

20 bar pressure measured was 5.85 mmolg-1 and 5.75 mmolg-1 at 10°C and 15 bar pressure. 

 

Figure 5-10: CO2 adsorption of Cu-ABDC MOF at 25℃ (black) and 10℃ (red) 

Although the MOF exhibits a good adsorption capacity of 5.85 and 5.75 mmolg-1 

at 25°C and 10°C respectively, but it should be noted that these high adsorption capacities 

are attained at high pressures of 15 bar and 20 bar. At low pressure of 1 bar, the MOF 

adsorbs 0.546 mmolg-1 at 25°C and 0.46 mmolg-1 at 10°C. Literature states that some other 

amine functionalized MOFs (Mg based, Co based and Sr based) also have CO2 adsorption 

capacities ranging in the values stated here. [1] Among these MOFs, the Sr based MOF 
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have adsorption capacity which closely resembles with the adsorption capacity reported 

here. 

The Cu-O bond in the Cu-ABDC MOF has a high ionic character but still its 

adsorption capacity is not as high. This can be due to the presence of the DMF solvent 

ligands in the framework of MOF. Theoretically, a higher adsorption capacity can be 

obtained from this MOF by removing the DMF ligands from the structure. 

 

Figure 5-11: CO2 adsorption of Cu-ABDC MOF (black) and Cu-BDC MOF (red) at 10℃ 

Figure 5-10 shows the comparison of the CO2 adsorption capacities of the Cu-

BDC and Cu-ABDC MOFs at a temperature of 10°C. It can be clearly observed that the 

adsorption of Cu-ABDC is much higher than that of Cu-BDC MOF. The main reason for 

this difference in adsorption capacities is the availability of Lewis Base Sites (LBSs) in 

the Cu-ABDC MOF which increases its affinity towards the CO2 which is acidic in nature. 

The comparison of sorption capacities and parameters of the reported Cu-BDC 

MOF [2] and the Cu-ABDC MOF is summaries in table 3. 



64 

 

Table 5-3: Comparison of sorption parameters of Cu-ABDC and Cu-BDC MOF with literature 

MOF Temp. Pressure 
CO2 adsorption capacity 

(mmolg-1) 
Ref 

Cu-BDC 
-15℃ 1 bar 0.78 [2] 

25℃ 20 bar 1.15 [2] 

Cu-BDC 10℃ 15 bar 0.922 This Study 

Cu-ABDC 
10℃ 1 bar 0.46 This Study 

25℃ 20 bar 5.85 This Study 

5.3 Surface area and porosity of Cu-ABDC MOF 

The N2 adsorption isotherm of Cu-ABDC MOF is presented in Figure 5-11. This 

N2 adsorption of the MOF was measured at -196°C. The BET surface area calculated from 

the N2 adsorption is 8.15 m2/g. From the figure it is evident that there is a low adsorption 

of N2 at low relative pressure but as the relative pressure increases from p/p°=0.6, a sharp 

increase in the adsorption can be noted. There also occurs a hysteresis at the desorption 

branch between p/p°=0.89-0.5. This hysteresis may indicate the presence of mesopores in 

the MOF. The cumulative adsorption pore volume of the MOF calculated by the BJH 

method is 0.01847cm3/g. The SEXT, external surface area, of the MOF calculated by the t-

plot analysis is 8.152 m2/g. 

 

Figure 5-12: N2 adsorption isotherm of Cu-ABDC MOF 
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5.4 Summary 

In this chapter, the characterization results and the CO2 adsorption studies for both 

the Cu-BDC MOF and Cu-ABDC MOF are presented. The Cu-BDC MOF shows regular 

crystallinity as compared to the Cu-ABDC MOF which have a mixture of crystal shapes. 

The EDS studies of both the MOFs are in accordance with the chemicals used for their 

synthesis. The TGA of the MOFs reveal the thermal stabilities of both the MOFs. The Cu-

BDC MOF is more thermally stable than the Cu-ABDC MOF meaning that Cu-BDC MOF 

can withstand higher temperature without structural breakdown. The SCXRD studies of 

the Cu-ABDC MOF are also presented in this chapter showing the crystal lattice and 

indicating the nitrogen molecules in the structure which can help in the higher CO2 

adsorption capacity. This was then confirmed by the CO2 adsorption studies carried out in 

the sorption analyzer and compared with the capacities reported for Cu-BDC MOF in 

literature. The N2 adsorption isotherms of the Cu-ABDC MOF were also conducted for 

finding the surface area of the MOF which was 8.152m2/g. 

5.5 Conclusion and Recommendations 

In this study, a new Cu based amine functionalized MOF is prepared using 2-

aminoterephthalic ligand. The Cu-ABDC MOF exhibits a good thermal stability. The Cu-

ABDC MOF showed capacity to be used in CO2 adsorption and separation. The high CO2 

adsorption capacity of the Cu-ABDC MOF is attributed to the –NH2 group present in the 

structure of the MOF which acts as LBS and hence enhance the affinity of the MOF 

towards CO2. In addition to this, the Cu-ABDC MOF also represents the possibility of 

OMSs creation in the framework by the removal of the DMF ligands. Moreover, the 

implementation of efficient activation processes are required so that the Cu-ABDC MOF 

exhibit higher gas exchange sites and subsequently increase the adsorption capacity 

without damaging the framework. 
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Abstract

In this paper, the main focus is on the CO2 adsorption capacity of Copper based Metal-Organic Framework. To investigate the application 

of Copper based MOF in CO2 adsorption, the motivating factor was its reversible solvent-exchange property. Copper based MOF was 

synthesized using solvothermal treatment of terephthalic acid with copper nitrate in DMF. The MOF was characterized by Powder X-

ray Diffraction (XRD), Thermal Gravimetric Analysis (TGA) and Scanning Electron Microscopy (SEM). CO2 adsorption capacity of 

the MOF was measured by a cyclic adsorption-desorption method with adsorption at 25°C and desorption at 200°C in TGA. The 

maximum CO2 adsorption capacity attained was 0.55 mmolg-1. This adsorption capacity can further be improved by changing synthesis 

method and amine modification of prepared MOF. Further adsorption studies will be conducted with sorption analyzer. 

Keywords: metal organic framework; Cu based MOF; CO2 adsorbent; MOF application; material engineering 

A. Introduction 
Today our civilization is facing major environmental 

concerns among which carbon dioxide (CO2) emissions is 

one of the most serious one[1]. Combustion of oil, coal, 

and natural gas are the main producers of these emissions 

as they are the driving energy resources of our daily life, 

industrial development and economic growth[2]. The 

contribution of CO2 is approximately 60% to the total 

global warming effect[3]. During the period between 1970 

and 2004, the annual global emissions of CO2 escalated by 

about 80%. This ever increasing concentration of CO2 in 

the atmosphere has led to urgent calls for strategies to 

alleviate this problem.  

Environmentalists and climate specialists today 

recognize the need for technologies that remove CO2 from 

the atmosphere to mitigate changes to the global climate 

caused by over a century of expanding anthropogenic CO2 

emissions. The concept of carbon dioxide using sorbents 

was first introduced in 1999, and in the ensuing decade and 

a half, a wide array of approaches employing different 

sorption materials have been described. Currently, the 

large-scale separation of CO2 by the liquid phase amine-

based absorption process is in commercial operation 

throughout the world. This “wet-scrubbing” CO2 capture 

utilizes alkanolamines, such as MEA (monoethanolamine), 

as the solvent, which has been used industrially over the 

past 50 years [4][5]. Liquid and solid sorbents based on 

alkali and alkaline earth metal oxides and hydroxides, 

sorbents based on supported amines, and tailored MOFs 

have been studied. 

Metal–organic framework (MOF) is a new class of 

materials where polyfunctional, organic ligands are 

bonded with more than one metal atom to form an extended 

polymeric structure in either one-, two-, or three 

dimensions. These MOFs are often highly porous, 

crystalline, and impervious to structural collapse once 

evacuated[6]. By varying the ligand character, spacer 

length, functionality, metal atom, and synthesis conditions, 

it is possible to form of an extensive number of porous 

compounds each with different properties and 

applications[7]. This particular and tunable nature of 

MOFs has increased the investigation of these materials for 

a wide assortment of potential applications including, 

however not constrained to, conductivity[8], gas storage 

and release[9], ion-exchange[10], catalysis[11], 

sensing[12], energy conversion and light harvesting[13], 

drug delivery[14] and toxic substances removal from water 

and air[15]. 

Porous metal-organic frameworks (MOFs), which are 

emerging rapidly, are promising as the efficient and cost-

effective materials for CO2 capture and separation[16][17]. 

The lower regeneration energy cost of these porous MOFs 

for CO2 capture by the implementing pressure swing 

adsorption (PSA), temperature swing adsorption, and 

vacuum swing adsorption makes them a better option as 

compared to the alkanolamine technology mentioned 

above. 

Here, we report the synthesis of a copper based MOF, 

the organic ligand of which is terephthalic acid, and its 

application for CO2 capture. The first metal terephthalate 
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complex, nickel terephthalate, was synthesized back in 

1967 by Acheson and Galwey using terephthalic acid and 

metal salt[18]. After that Sherif synthesized other hydrated 

metal terephthalates (Fe, Ag, Co, Cr, Cu, La, Mn)[19]. The 

Cu(tpa) MOF, however like MOF-2, displays a particularly 

higher surface area, this makes it a good choice for sieving 

applications, gas adsorption and gas seperation. 

B. Experimental 
 

C. Synthesis of MOF 

In order to synthesize the Cu based MOF, equimolar 

quantities of terephthalic acid (Aldrich, 0.724 g) and 

copper nitrate trihydrate (Aldrich, 1.053 g) were dissolved 

in 87 ml of DMF. The prepared solution was placed in a 

closed bottle in an oven. The temperature of the oven was 

set at 110 °C and the solution was heated for 36 h. Upon 

removal of solution from the oven, blue precipitated 

crystals could be seen which were recovered through 

centrifugation at 4500 rpm for 20 mins. Once the crystals 

were recovered, the crystals were washed using DMF. The 

obtained crystals were then dried at 180 °C in a vacuum 

oven. 

D. Characterization 

Powder X-ray diffraction (PXRD) patterns of the 

sample were collected on a D8 Advanced X-ray diffraction 

system from Bruker (40 kV, 30 mA). The 2θ operating 

range of the diffractometer was in the range from 3 to 40° 

with a step size of 0.02°. The patterns recorded were then 

compared with the patterns reported from single crystal 

data in the literature. 

Thermal stability of the Cu based MOF was measured 

in N2 environment with a heating rate of 10°C min−1 from 

20 to 700°C on a DTG-60H Thermo Gravimetric Analyzer 

(TGA). 10mg sample of the MOF was used for thermal 

stability test and the flow-rate of N2 gas was 10 ml min-1. 

Scanning Electron Microscopy (SEM) images of the 

sample were also obtained on a TESCAN SEM VEGA3 

microscope. The sample was gold-coated before the 

acquiring of images and the images were taken at SEM HV 

of 20 kV. The EDS analysis of the sample was also 

conducted to determine the atomic weights of the elements 

in the sample. 

E. Results and Discussion 

“Fig. 1” shows the SEM images of the synthesized 

Cu(tpa) particles, in which a large number of regular and 

independent crystal cuboids were observed. This indicates 

good crystallinity and high yield of the Cu(tpa) MOF. 

Upon higher magnification of the MOF (inset of “Fig. 1”), 

the cuboids could be clearly seen each with a diameter of 

about 3µm.  

 

Fig 1 SEM images of Cu(tpa) MOF with low resolution (main image) and 

high resolution (inset) 

 

The thermogravimetric profile of the MOF is shown in 

“Fig. 2”. The profile clearly shows that a weight-loss step 

started at 200 °C and ended at 260 °C. This initial weight 

loss, which is about 10%, corresponds to the loss of solvent 

that might be trapped in the pores of the MOF. No 

significant change in weight of the MOF above 260 °C 

indicates the stability of the MOF until pyrolysis starts at 

340 °C, breaking the structure of MOF and leaving behind 

just carbon. 

 

Fig 2 TGA curve of Cu(tpa) MOF 

 

X-ray powder diffraction experiments were carried out 

to verify the crystals formed during the synthesis of Cu 

based MOF. “Fig. 3” depicts the peaks attained by XRD 

which exactly matches the peaks from the literature[20]. 

During the search match it was further verified that the 

peak at Ɵ=10.10° is of Cu(BDC) | Copper 1,4-

Benzenedicarboxylate, which is the required MOF.  



 

70 

 

Fig. 3 The X-ray diffraction patterns of Cu(tpa) MOF 

  

“Fig. 4” depicts the elemental peaks obtained during 

the EDS analysis of the MOF sample. A portion of sample 

was selected for elemental analysis and its spectrum was 

obtained indicating the elements present. The 

representative peaks of each element (inset of “Fig. 4”) can 

be seen, confirming the presence of the structural elements 

of the MOF. “Table 1” shows the weight and atomic 

percentages of each element which are in accordance with 

the structure of the MOF and its chemical formula i.e. 

C8H4CuO4. 

 

Fig. 4: EDS of the MOF 

Table 1 Percentages of elements in MOF determined through EDS 

Element 
Percentage 

Weight % Atomic % 

Carbon 51.93 64.26 

Oxygen 35.25 32.74 

Copper 12.82 3.00 
 

 The CO2 adsorption capacity of the MOF was also 

conducted on a DTG-60H Thermo Gravimetric Analyzer 

(TGA). A 10 mg sample of the MOF was tested to 

determine its CO2 adsorption capacity. Initially the sample 

was heated to 200°C in N2 environment at a heating rate of 

10°C min-1 and this temperature was held for 10 mins. This 

removed any solvent trapped in the pores of the MOF so 

that the pores can be available for CO2 adsorption. In “Fig. 

5” the initial drop in the weight of MOF from 10.30 mg to 

9.95 mg shows that there was some solvent in the MOF 

which was removed by heating it. The sample was then 

cooled to 16°C at a cooling rate of 50°C min-1 and CO2 was 

passed through it at a flow rate of 10ml min-1 at room 

pressure. CO2 was passed through the sample overnight so 

that the maximum capacity of the MOF could be 

determined. With the passage of time, the weight of the 

MOF started to increase indicating that CO2 is being 

adsorbed. A total of 0.24 mg of CO2 was adsorbed by the 

sample overnight and the total adsorption capacity of the 

MOF was calculated to be 0.55 mmol g-1. Keeping in view 

other MOFs, this is an acceptable value for CO2 adsorption 

as the values for different MOFs range from 0.1 mmol g-1 

to 4.00 mmol g-1[17].  

 

Fig. 5 CO2 adsorption analysis of Cu(tpa) using Thermogravimetric 

Analyzer (TGA) 

F. Conclusions 

The results presented here clearly shows that the Cu 

based MOF, Cu(tpa), has a good potential for being used 

as a CO2 adsorbent. The porous nature and reversible 

solvent-exchange property of this MOF also adds up in 

making it a good choice. Although the adsorption capacity 

is relatively less as compared to other MOFs reported, but 

the nature of Cu(tpa) provides  a platform to improve its 

adsorption capacity. This improvement can achieved by 

modifying the structure of the MOF through varying 

conditions during the synthesis. Another approach can be 

by modifying the MOF through incorporating amines into 

the MOF structure which can provide additional sites for 

CO2 adsorption hence enhancing the overall CO2 

adsorption capacity. 
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Currently the adsorption analysis was conducted using 

TGA but to know the CO2 adsorption at different 

conditions, a sorption analyzer will be used in further 

studies. This will allow us know how the MOF behaves 

during CO2 adsorption at different conditions of pressure 

and temperature. 
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Abstract. Reducing carbon dioxide levels in atmosphere presents greatest challenge in 

controlling global climate change. Each stage of Carbon Capture and Storage (CCS) strategy 

requires specialized materials. Metal–organic framework, being highly porous and crystalline 

materials are captivating vast scientific attention for exploring their potential in gas adsorption 

applications. This research work presents an attempt to synthesis post amine modified MOF 

materials for enhanced carbon dioxide capture applications. Thermogravimetic studies reveal 

that EDA MOF-5 is far more thermally stable than MOF-5; moreover synthesis can be 

performed successfully with recycled solvent (DMF). Carbon dioxide adsorption studies 

represents better carbon dioxide capture tendency for MOF-5 and EDA MOF-5 i.e., 5 mmol/g 

and 3.9 mmol/g respectively at 0°C. 

1. Introduction 

Among various greenhouse gases listed under Kyoto Protocol; carbon dioxide is labeled as major 

contributor in global warning. Carbon dioxide absorbs and emits radiant energy within the thermal 

infrared range, thus raising global temperatures. CO2 has the highest positive radiative forces of all 

the human-influenced climate drivers compared by the IPCC. After a pulse of CO2 is emitted into the 

atmosphere, 40% will reside in the atmosphere for 100 years and 20% will remain for 1000 years, 

while the final 10% will take 10,000 years to turn over [1].   This literally means that these tiny heat 

trappers, we release today from our industries, vehicles and power plants are going to become part of 

the climate our next generations will inherit. 

 Metal−organic frameworks (MOFs) are advanced class of crystalline solid nanomaterials reinforced 

by metal coordination sites coupled with organic molecules [2−4].  Resulting organic/inorganic hybrid 

3-D networks formed contains well-defined porosity, high surface area, and tunable chemical 

functionalities having versatile applications in catalysis [5, 6], Separations [7],   and gas storage [8]. 

Owing to gas storage ability, a lot of research work has been done to capture carbon dioxide gas. 

Nevertheless, mostly MOFs adsorb carbon dioxide by weak physiosorption interactions so adsorption 

at low gas pressure and N2/CO2 selectivity is very low [9].   

Amine sites being acidic in nature have affinity towards carbon dioxide and are known to be highly 

effective for CO2 adsorption and to be amenable to use under dry or humid conditions. [10-13]. This 
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research work is an effort to incorporate ethylenediamine molecules within MOF-5 molecule using 

post-synthesis modification and study potential effects on its carbon dioxide gas adsorption capacity.   

 

2. Experimental Section 

All the chemicals were purchased from Sigma Aldrich and Merck. The reactions that require heating 

were conducted in 23 ml Parr bombs in oven. To test purity of reagents PXRD data for reagents was 

collected and verified prior to the synthesis.  

2.1. Synthesis: MOF-5 synthesis 

Synthesis Equimolar quantities (1:1) of Zn (NO3)2.6H2O 189.36 mg (1 mmol) and 166 mg of 

terepthalic acid (1 mmol) were dissolved in 10 ml DMF in a 50 ml beaker. Dissolved contents were 

ultra-sonicated at 100°C for 2 hours than solution was transferred to 23 ml Teflon vials. Parr bombs 

were sealed and heated in oven at 100˚C for 6 hours to yield white crystals. The reaction mixture was 

than decanted (and saved for recycling); crystals obtained were washed thrice with DMF than with 

THF thrice. Crystals were dried overnight at room temperature. Sample was activated in vacuum oven 

at 130°C for 6 hours before further analysis.  

2.2. EDA MOF-5 synthesis 

Prepared MOF-5 crystals were modified using ethylenediamine. 500 mg of MOF-5 was added to 15 

% ethylenediamine solution in methanol.  Contents were allowed to react under reflux with vigorous 

stirring for 6 hours. The product obtained was filtered and then washed with DI water and ethanol to 

remove any unreached ethylenediamine from sample. Sample was dried overnight at room 

temperature to collect a pale colored crystals of  EDA-MOF-5.Crystals were activated in vacuum oven 

at 130°C for 6 hours before further analysis. Reaction scheme for EDA MOF-5 is given in Figure 1. 

 

2.3. Solvent recovery and recycling 

All reagents used in these MOFs synthesis are cheap only Dimethylformamide is expensive, so solvent 

recycling was also tested in this study. For Batch I fresh DMF was used with regent.   Recycled solvent 

after crystal collection was filtered using 0.45 micron syringe filter and utilized for Batch II MOFs 

synthesis.  Obtained batch II crystals were characterized using PXRD to compare these with Batch I 

MOFs.     

 
Figure 1. Reaction Scheme for EDA MOF-5 synthesis 

3. Characterization 

PXRD for synthesized MOF samples was collected at room temperature on an X'Pertpro panalytical 

Chiller 59 diffractometer using Copper Kα radiation. Activated samples were mounted onto zero-

background silicon for PXRD analysis. Morphology of crystals was studied using scanning electron 

microscopy. TGA was performed using a Perkin Elmer Pyris 1 thermo-gravimetric analyzer. The 

samples were heated from 25°C to 700°C under a flow of air (20 ml min−1), using a heating rate of 

5°C min−1. SHIMADZU IR Affinitt-1S spectrometer was used to obtain IR data. Elemental analysis 
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for EDA MOF-5 samples was performed to confirm presence of amine in prepared material, using 

FlashSmart NC ORG elemental analyzer with Thermal conductivity detector.  

4. Results 

To check the synthesis of MOF-5 and EDA MOF, powder X-ray diffraction (XRD) studies were 

carried out. PXRD patterns of MOF-5 and EDA MOF-5 prepared in this study are shown in   Figure 

2. Both synthesized materials, with and without addition of EDA, show sharp diffraction peaks 

indicating a well-formed crystalline structure. Peak positions match very well with the previously 

reported data for MOF-5, indicating successful synthesis of the MOF-5 [10]. Presence of some new 

peaks in EDA MOF-5 at 2θ~12.21° and 2θ~14.48° are indicative of slight difference in MOF-5 and 

EDA MOF-5 MOF crystalline structure. 

 

 
 

Figure2. PXRD pattern for MOF-5 and EDA MOF-5 

 

Fourier transform infrared spectra (FTIR) collected for prepared materials confirm the presence of 

representative functional groups indicative of MOF-5 formation (Figure. 3). Two sharp peaks were 

obtained at 1589 cm-1 and 1375 cm-1 in MOF-5 sample is representative of symmetric and asymmetric 

stretching of C-O bonded to Zn, respectively [11].  . Various small peaks in the range of 1200 to 910 

cm-1 represents to the in-plane bending of the C-H group present in the benzene ring of the linker [10-

11].    Some small peaks in the region of 910 to 645 cm-1 show out of plane bending of C-H group of 

terepthalic acid [12]. The broad peak at 3410 cm-1 in MOF-5 represents adsorbed O-H groups.  In 

addition to MOF-5 typical peaks, EDA MOF-5 sample illustrates some new peaks.  It shows 

characteristic peak for amine-containing functional groups at 1090 cm-1 indicative of     C-N stretching. 

[13]  Presence of very low-intensity peaks in the region between 1275-1469 cm -1 can be attributed 

to the C-N anti symmetric stretching coupled with the NH2 and NH out-of-plane modes [13]  Typical 

peaks at 2845 and 2845 cm-1 are ascribed to  stretching vibration of C-H bonds introduced by 

ethylenediamine molecules [14].   
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Figure 3. FTIR pattern for MOF-5 and EDA MOF-5  

 

Thermogravimetic analysis (TGA) was performed to study thermal behaviors of prepared MOF 

materials (Figure. 4). For both MOFs there is no significant weight loss observed below 170°C, 

indicating there was no surface adsorbed moisture, THF and solvent molecules in prepared materials. 

Initial weight loss in both samples from 170°C to 320°C (approx 12 %) represents degradation of 

surface adsorbed DMF molecules. For MOF-5 decomposition of carboxylic linker started at 381°C, 

while in EDA MOF-5 linker degradation initiated at a bit higher temperature, i.e. 445°C than onwards 

there is rapid degradation in both materials. There is two-step degradation in EDA MOF-5, an extra 

step at 300 °C is indicative of EDA degradation, incorporated in structure.  No further weight loss was 

observed as the temperature continued to rise leaving behind residual zinc oxide above 503°C for 

MOF-5 and 517°C for EDA MOF-5. 

 

 
Figure 4. TGA graph for MOF-5 and EDA MOF-5 

 

Scanning electron microscopy images of prepared MOF 5 sample are illustrates in Figure 5. It is 

observed that prepared MOF-5 has cubic crystals, supported by literature [4]. 
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Figure 5. SEM images for MOF- 5 at (a) 1µm (b) 3 µm and (c) 20µm 

 

Elemental analysis results (Table.1) shows elemental composition for EDA MOF-5. Results clearly 

indicate significant amount of nitrogen (6.76 - 6.83) representing presence of ethylenediamine in the 

sample.  

Table 1. Elemental analysis for EDA MOF-5 Sample 

          Elemental Analysis for EDA MOF-5 

% Carbon  % Hydrogen % Nitrogen  

45.01- 45.07 4.85 - 4.77 6.76 - 6.83 

 

4.1 Solvent recovery and recycling 

The absence of any alien peaks in Batch II MOF material PXRD results is indicative of the high purity 

MOF-5 and EDA MOF-5 production using recycled DMF. Solvent recovery and re-utilization is a 

clear indicator for cost advantage for this MOF synthesis.  

5. CO2 adsorption capacities of MOF-5 and EDA MOF-5 

The CO2 adsorption capacity for both MOF materials was evaluated by monitoring pseudo equilibrium 

adsorption uptakes using Quantarchrome Isorb-HP100 volumetric type sorption analyzer. Initially 

samples were degassed 130°C for 12 hours using a heating rate of 5°C min−1.  200 mg of each sample 

was used for three consecutive adsorption-desorption cycles at 0°C and 25°C with adsorbate pressure 

ranging between 1 to 14 bar.  The CO2 capacities calculated at 0 °C and 14 bar pressure were 3.9 and 

5 mmol/g for MOF-5 and EDA MOF-5, respectively. This trend found consistent with adsorption 

capacities calculated at 25°C (Figure.6).   

Despite of showing very high carbon dioxide capturing tendency in the first cycle for both adsorbents 

tested here, MOF-5 revealed a significant loss in the adsorption capacity over successive operations 

compared to EDA MOF-5 (Figure.7). Literature states that carbon dioxide adsorption capacity for 

silica/PEI decreases by a value of 0.70 mmol/g after four consecutive adsorption-desorption cycles, 

from 2.35 to 1.64 mmol/g. An observed substantial adsorption capacity detoriation of amine-grafted 

amine-impregnated or metal organic framework materials have been attributed to the loss of physically 

adsorbed amines or amine detoriation by urea [15]. On the contrary, silica based surface-grafted amine 

based sorbents shows enhanced stability under dry conditions, illustrating relatively high values of 

CO2 uptake with same number of adsorption cycles tested, with only a negligible adsorption decrease.  

Here we observed that initial CO2 uptake for MOF 5 was higher for initial adsorption cycles at both 

0° C and 25 °C, however, adsorption capacity declined considerably under successive cycles. Here 

adsorption capacity calculated at 25°C for MOF-5 lowered by about 22% after three cycles, from 0.93 

to 0.70 mmol/g. This decrease in adsorption capacity over successive cycles was more prominent at 

higher temperature compared to lower temperature (0°C) adsorption. This significant adsorption 

capacity decline can either be attributed to material stability or desorption treatment [16].  Previous 

a

) 

b c 
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researches, represent that moderate desorption conditions contribute towards regenerability of the Mn-

BDC significantly [13, 14]. Very Mild desorption conditions were used in this study. i.e., He gas 

purging for 30 min at 36 °C.  This fact implies that MOF-5 demands more energy input for its 

regeneration than applied in this work, possibly making a CO2 capture process with this adsorbent 

significantly more energy-intensive. In contrast, EDA MOF-5 indicated complete regenerability under 

the moderate desorption conditions used here, showing negligible CO2 adsorption capacities decline 

over successive test cycles. These observations suggest that newly synthesized robust EDA MOF-5 

material is more stable adsorbent compared to the parent MOF-5.  

 

 
Figure 6. CO2 adsorption results mmol/g (a) and wt% (b) for 

MOF-5 and EDA MOF-5  
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Figure 7. CO2 adsorption mmol/g for 

MOF-5 and EDA MOF-5 MOF at 0°C and 25°C 

 

6. Conclusion 
In summary, we report that or MOF-5 production, ultrasonication at 100°C for 2 hours prior to 

solvothermal reaction; can significantly reduce synthesis time from 24 hours to 6 hours.  

Characterization results confirmed good quality MOF-5 crystals synthesis with this method. Synthesis 

cost can further be reduced for both MOFs synthesis using recycled solvent (DMF).  This work 

demonstrates simple modification of MOF-5, with ethylenediamine to substantially improve its 

thermal stability and CO2 adsorption properties. Thermogravimetic studies reveal that EDA MOF-5 

prepared is more thermally stable than MOF-5; moreover carbon dioxide adsorption studies for these 

samples reveal better carbon dioxide capture tendency i.e., 5 mmol/g and 3.9 mmol/g respectively at 

0°C. The modified MOF, EDA MOF-5, indicate enhanced stability/regenerability, being cycled three 

times with identical adsorption capacities. Future studies are needed to address EDA MOF-5 long-

term adsorption cycle studies, stability to contaminants and oxidation.  
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Abstract 

The CO2 concentration in the atmosphere is constantly rising mainly through industrial and power plant discharges this 

has led to urgent calls for strategies to reduce CO2. Metal organic frameworks (MOFs), also known as coordination 

polymers, represent an interesting type of solid crystalline materials that can be straight forwardly self-assembled 

through the coordination of metal ions/clusters with organic linkers. These unique advantages enable MOFs to be used 

as a highly versatile and tunable platform for exploring multifunctional MOF materials. Amine groups being basic in 

nature have excellent affinity towards acidic CO2 group. Amine functionalized metal organic framework materials have 

promising tendencies as dry adsorbents for post-combustion CO2 capture, owing to their enhanced CO2 capture capacity. 

This research work is focused on the synthesis of a new amino functionalized Cu based MOF using 2-aminoterephthalic 

as a linker.  The structure was confirmed by Single Crystal XRD studies. The Single Crystal XRD studies reveal that an 

amine functionalized MOF is prepared which has free –NH2 group aiding in the CO2 adsorption. The CO2 adsorption 

study tells us that the MOF exhibits a better CO2 capture tendency of 5.85 mmolg-1 at 25°C as compare to Cu-BDC 

MOF. 

Keywords: metal organic framework; Cu-BDC MOF; CO2 adsorbent; MOF application; carbon 

capture; gas storage 
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Introduction 

The excessive global carbon emissions have become an environmental menace globally causing extreme 

climate change and environmental harm. [1] Currently, from burning fossil fuels the global CO2 emissions have 

increased by about 2.7% in 2018 which was previously recorded at 1.6% increase in 2017. [2] This rapid 

increase in the global CO2 concentrations requires extraordinary measures to come up with new methods to 

control these emissions. The implementation of Carbon Capture and Sequestration (CCS) can prove to be one 

of the promising strategies in reducing CO2 concentration. [3, 4] An old and most commonly practiced approach 

to capture CO2 is through amine scrubbing where the CO2 is adsorbed by chemical adsorption between CO2 

molecule and amine groups. [5] Although this method is widely used but it has certain limitation which include 

chemical instability on heating, high regeneration energy input, and corrosion. 

Scientists all around the globe have worked tirelessly to come up with new materials to capture CO2 and they 

have been able to identify MOFs as potential materials to adsorb CO2 from fossil fuel combustion processes. 

[6][7][8] A wide number of studies have shown different techniques which enable MOF structures to be 

optimized for increased CO2 selectivity from mixture of gases. These techniques include variation and control 

in the pore size and shape of MOF, incorporation of open metal cation sites, functionalization of ligands and 

functionalization of MOFs with basic and polar functional groups. [9]  

It has been reported in different studies that in order to increase the selectivity and capacity of CO2, a widely 

used strategy is to incorporate polar functional groups into the MOF structure. [10][11][12][13][14] These polar 

functional groups include nitrogen-containing basic groups such as alkylamines, heterocycles and aromatic 

amines. This strategy of MOF synthesis and modification allows the polar nitrogen-containing groups of MOFs 

to act as Lewis Base Sites (LBSs). The property of these LBSs is to facilitate in the CO2 adsorption because 

they introduce an acid-base interaction which occurs between the CO2 (acting as an acid) and the active centers 

that are basic in nature. [15][16] Therefore, many studies have shown that MOFs can be functionalized with 

amino ligands either during the synthesis or after it so that these LBSs can be incorporated into the framework. 

[16] 
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Another approach which is common to enhance the selectivity and affinity of MOFs towards CO2 is to build 

open metal sites (OMSs) in the framework of MOF. [17][18][19] OMSs in MOFs are typically created by 

desolvation of the MOFs. In this method the solvent molecules like DMF, H2O etc. which are coordinated at 

the metal centers are knocked out of the MOF molecule at high temperature and/or under vacuum conditions. 

[16] When the OMSs are created, they act as binding sites which are dense in charge and hence their interaction 

with CO2 is very strong during selective gas adsorption. In this way they play a vital role in separation of CO2. 

Here in this paper we report the preparation, characterization and enhanced CO2 adsorption capacity of a 

new amino-functionalized Cu based MOF with open metal sites. 

Experimental 

Synthesis of MOF 

During the synthesis of MOF, reagent grade copper nitrate (Cu(NO3)2); 2-aminoterephthalic acid (H2ABDC); 

N, N-dimethylformamide (DMF) and methanol from Sigma-Aldrich were used without any further purification. 

The MOF was prepared through the solvothermal method using H2ABDC (1 g) and copper nitrate (2.67 g) in 

DMF (60ml). The reagents for the synthesis were stirred at room temperature for 10 min and then transferred 

to an autoclave. The autoclave was heated in an oven at 110oC for 24 hrs under autogenous pressure. Upon 

completion of the solvothermal reaction, light-green colored crystals were recovered through centrifugation at 

4000 rpm for 25 min, washed in DMF and then rinsed multiple times in methanol. The crystals obtained were 

then dried in a vacuum oven at 60oC. 

Characterization 

A Bruker Advanced X-ray diffraction system (40 kV, 30 mA) was used for the collection of Powder X-ray 

Diffraction (PXRD) patterns of the sample. The operating 2θ range of the diffractometer was from 5 to 45° 

with a step size of 0.02°. The recorded patterns were then compared with the simulated patterns from single 

crystal data using the Mercury program. 
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The thermal stability of Cu-ABDC MOF was measured on a DTG-60H Thermo Gravimetric Analyzer (TGA) 

in N2 environment with a heating rate of 10°C min−1 from 20 to 500°C. A 3.57 mg sample of Cu-ABDC MOF 

was used for the test and the N2 gas was supplied at a flow-rate of 50 ml min-1. 

Single-crystal structure analyses of the MOF were performed on an Oxford Diffraction Gemini CCD 

diffractometer which was operating in the ω scan mode. The crystallographic data of the MOF are given in 

Table 1. 

Scanning Electron Microscopy (SEM) images of the MOF sample were obtained on a TESCAN SEM VEGA3 

microscope. Prior to the imagery, the sample was gold-coated and the HV was set to 20kV. In order to identify 

the atomic weight percentage of the elements in the MOF, EDS analysis was conducted. 

For the CO2 adsorption studies of the MOF, Quantachrome Isorb-HP100 volumetric type sorption analyzer was 

used which evaluated the adsorption capacity by monitoring pseudo equilibrium adsorption uptakes. Prior to 

the CO2 adsorption analysis of the MOF, the sample was degassed at a temperature of 120°C for 12 hours and 

then back filled with helium gas. During the CO2 adsorption analysis, the Adsorbate Equation of State used was 

the Helmholtz. The sample was tested for adsorption at 0°C and 25°C at absolute pressures from 0 to 20 bar.  

The N2 adsorption studies of the MOF were conducted on a Quantachrome Nova 2200e and the Quantachrome 

NovaWin application was used for the calculation of surface area and pore volumes of the MOF. Before 

conducting the N2 adsorption analysis, the sample was degassed at 160°C under vacuum for 12 hours. The N2 

adsorption isotherms were obtained at -196°C at a relative pressure of P/P°= 0.005-0.9 for the surface area and 

pore volume analysis of the MOF. 

Results and Discussion 

Structural description of Cu-ABDC MOF 

The Single Crystal X-ray Diffraction reveals that the Cu-atom and the ABDC ligand are occupying the center 

of symmetry in the MOF. The metallic cluster is of a bimetallic nature where a Cu-atom is attached to another 

Cu-atom and 4 O-atoms from the carboxylate ligands and one from the O-bound DMF forming a cluster. As 
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can be seen from Fig.1, the carboxylate ligands form a bridge in connecting a bimetallic cluster with another 

cluster hence forming a 3-dimensional framework. The amino group in the MOF is situated on two sites of the 

ABDC ligand and also on the non-bridging O-atom. 

Table 4 Crystallographic Data of Cu-ABDC MOF 

 

Fig. 1 Structural description of Cu-ABDC MOF (N atoms marked in blue) 

As evident from the figure, the DMF solvent molecule which completes the coordination sphere of the metal 

ion can easily be used to generate OMSs in the MOF framework by the DMF molecule removal using solvent-

exchange and evacuation method. This can aid in increasing the adsorption capacity of the MOF. 

 

Frameworks Cu-ABDC 

Formula C11 H12 Cu N2 O5 

Space Group I 2/m (12) 

T, K Room Temp. (283-303) 

a, Å 7.9458 (7) 

b, Å 14.9664 (8) 

c, Å 11.1033 (10) 

Volume, Å3 

Α 

1243.71 

90 

Β 109.624 (10) 

Γ 90 

Z 4 

R-factor (%) 4.93 
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PXRD pattern of Cu-ABDC 

 

(a) 

 

(b) 

Fig. 2 XRD patterns of Cu-BDC MOF (a), Cu-ABDC MOF (b) simulated (black) and synthesis (red) 

Fig. 2 shows the PXRD patterns of prepared Cu-ABDC MOF sample and PXRD pattern of the model Cu-

ABDC structure which was predicted from the calculations of the SXRD.  

From the figure it can be clearly seen that both the patterns are highly similar which indicates that the prepared 

MOF sample is of high degree of purity. The peaks at 2θ 10° and 42.5° indicates the presence of carbon (PDF 

card # 48-1206) in the MOF, and the peaks at 2θ 11.9° confirms the presence of copper (PDF card # 27-1126). 
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Fig. 2 also shows the PXRD of the simple Cu-BDC MOF with terephthalic acid as a ligand. The difference 

between the XRD of the Cu-BDC MOF and the Cu-ABDC MOF is at the peaks of 2θ 20.5° and 26.8°. These 

peaks in the Cu-ABDC confirms the presence of Nitrogen (PDF Card # 06-0500 and 35-0845 respectively) in 

the MOF. 

Thermal stability of Cu-ABDC 

 

Fig. 3 Weight loss (TGA) curve of Cu-ABDC (black) and Cu-BDC (red) MOF 

 

In order to determine and study the thermal behavior of the MOF, TGA analysis were performed (Fig. 3). The 

initial weight loss (about 8%) of the Cu-ABDC MOF sample at 160 to 220°C indicates the degradation of DMF 

adsorbed at the surface of the MOF. At 255°C temperature, the decomposition of carboxylate ligand starts and 

afterwards a rapid degradation can be noted. At temperature above 368°C, no further weight loss can be seen 

which indicates that the structure of the MOF has completely been destroyed and residual Copper oxide is left 

behind. 

Fig. 3 also shows the TGA of Cu-BDC MOF and it is evident from the graphs that the Cu-BDC MOF is more 

stable than the Cu-ABDC MOF. In the Cu-BDC MOF, the initial 10% weight loss which occurs at a temperature 

of 200°C and ends at 260°C is attributed to the loss of solvent which might be trapped in the pores of the MOF. 

The actual structural breakdown of the MOF starts at relatively higher temperature of 340°C, which is much 

higher than the structural breakdown of Cu-ABDC MOF.  
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SEM and EDX of Cu-ABDC 

           
(a) (b) 

 

Fig. 4 SEM images of the Cu-BDC (a) and the Cu-ABDC MOFs (b). 
 
 The SEM images revealed that crystals of the Cu-BDC MOFs are regular shaped cuboids while the crystals of 

the Cu-ABDC are a mixture of cuboids and thin sheet like structures. The MOF crystals of Cu-ABDC are of 

smaller size as compared to those of Cu-BDC MOF.  

Table 5 Elemental Composition of Cu-BDC and Cu-ABDC MOF 

 

The elemental composition in EDX analysis shows the chemical composition of both the MOFs is shown in 

table 2.  The Cu-ABDC MOF due to its 2-aminoterephthalic acid ligand contains nitrogen which is clearly 

indicated in the results of the EDX analysis. 

Element/Sample Cu-BDC MOF Cu-ABDC MOF 

C wt% 51.93 55.17 

O wt% 35.25 32.31 

N wt% - 7.49 

Cu wt% 12.82 5.03 
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Surface area and porosity of Cu-ABDC MOF 

The N2 adsorption isotherm of Cu-ABDC MOF is presented in Fig. 5. This N2 adsorption of the MOF was 

measured at -196°C. The BET surface area calculated from the N2 adsorption is 8.15 m2/g and the Langmuir 

surface area is 62.49 m2/g. From the figure it is evident that there is a low adsorption of N2 at low relative 

pressure but as the relative pressure increases from p/p°=0.6, a sharp increase in the adsorption can be noted. 

There also occurs a hysteresis at the desorption branch between p/p°=0.89-0.5. This hysteresis may indicate the 

presence of mesopores in the MOF. The cumulative adsorption pore volume of the MOF calculated by the BJH 

method is 0.01847cm3/g. The SEXT, external surface area, of the MOF calculated by the t-plot analysis is 8.152 

m2/g. 

 

Fig. 5 N2 adsorption isotherm of Cu-ABDC MOF 

 
As compared to the Cu-BDC MOF, the N2 adsorption of Cu-ABDC MOF is relatively low. This may be 

attributed to the presence of residual guest molecules which can decrease the adsorption capacity of the MOF. 

Moreover, the amino group in the Cu-ABDC MOF can cause the reduction of the surface area of the MOF as 

is indicated by other amine functionalized MOFs [20]. 
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CO2 adsorption capacities of Cu-ABDC 

 

Fig. 6 CO2 Adsorption of Cu-ABDC MOF at 10℃ and 25℃ 

Fig. 6 shows the CO2 adsorption capacities of the Cu-ABDC MOF which were measured at 10 °C and 25 °C. 

The pressures at these temperatures were from 0 to 20 bars. Three consecutive adsorption-desorption cycles 

were conducted on the sample at each condition. Before analysis, the sample was degassed at 120°C for 12 

hours and the heating rate was set at 5°C min-1. The CO2 adsorption capacity of the MOF at 25°C and 20 bar 

pressure measured was 5.85 mmolg-1 and 5.75 mmolg-1 at 10°C and 15 bar pressure. 

Although the MOF exhibits a good adsorption capacity of 5.85 and 5.75 mmolg-1 at 25°C and 10°C respectively, 

but it should be noted that these high adsorption capacities are attained at high pressures of 15 bar and 20 bar. 

At low pressure of 1 bar, the MOF adsorbs 0.546 mmolg-1 at 25°C and 0.46 mmolg-1 at 10°C. Literature states 

that some other amine functionalized MOFs (Mg, Co and Sr based MOFs) also have CO2 adsorption capacities 

ranging in the same region [20]. Among these MOFs, the Sr based MOF have adsorption capacity which closely 

resembles with the values reported here. 
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Fig. 7 CO2 adsorption of Cu-ABDC MOF (black) and Cu-BDC MOF (red) at 10℃ 

The Cu-O bond in the Cu-ABDC MOF has a high ionic character but still its adsorption capacity is not as high. 

This can be due to the presence of the DMF solvent ligands in the framework of MOF. Theoretically, a higher 

adsorption capacity can be obtained from this MOF by removing the DMF ligands from the structure.  

Fig.7 shows the comparison of the CO2 adsorption capacities of the Cu-BDC and Cu-ABDC MOFs at a 

temperature of 10°C. It can be clearly observed that the adsorption of Cu-ABDC is much higher than that of 

Cu-BDC MOF. The main reason for this difference in adsorption capacities is the availability of LBSs in the 

Cu-ABDC MOF which increases its affinity towards the CO2 which is acidic in nature. 

The comparison of sorption capacities and parameters of the reported Cu-BDC MOF [21] and the Cu-ABDC 

MOF is summaries in table 3.  

Table 6 Comparison of sorption parameters of Cu-ABDC and Cu-BDC MOF with literature 

 

Element/Sample Temperature Pressure 

CO2 

adsorption 

capacity 

(mmolg-1) 

SBET 

(m2/g) 

SEXT 

(m2/g) 

Reference 

Cu-BDC 
-15°C 1 bar 0.78  241 0.47 [21] 

25°C 20 bar 1.15   [21] 

Cu-BDC 10°C 15 bar 0.922   This Study 

Cu-ABDC 
10°C 1 bar 0.46  8.15 8.152 This Study 

25°C 20 bar 5.85   This Study 
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Cyclic CO2 adsorption study 

For the long-term application of a MOF, it is essential for the MOF to be durable during cyclic 

adsorption/desorption process. In order to determine the durability of the Cu-ABDC MOF, a cyclic 

adsorption/desorption study of the MOF was carried out. In this cyclic study, the CO2 was adsorbed and 

desorbed by the MOF in five consecutive cycles. The cyclic study was conducted at a temperature of 25℃ and 

pressure of 20 bar. The adsorption capacity in terms of percent CO2 uptake of the MOF during different cycles 

is shown in Fig. 8. 

 

Fig. 8 Cyclic adsorption/regeneration run of Cu-ABDC MOF at 25℃ and 20 bar 

The cyclic data of the Cu-ABDC MOF reveals that it is a fairly stable MOF. As it can be seen from the 

figure 8 that during the consecutive cycles, there is a very low drop in the CO2 uptake of the MOF. After 5 

cycles overall 2% decrease in CO2 uptake took place. In last two cycles, an increase in the adsorption capacity 

as compared to initial cycles can be noted. This increase can be ascribed to the gradual expansion of mesopores 

in the MOF. With the expansion of mesopores, the MOF is able to increase CO2 adsorption capacity. 

Conclusions 

In this study, a new Cu based amine functionalized MOF is prepared using 2-aminoterephthalic ligand. The 

Cu-ABDC MOF exhibits a good thermal stability. The Cu-ABDC MOF showed capacity to be used in CO2 

adsorption and separation. The high CO2 adsorption capacity of the Cu-ABDC MOF is attributed to the –NH2 

group present in the structure of the MOF which acts as LBS and hence enhance the affinity of the MOF towards 
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CO2. In addition to this, the Cu-ABDC MOF also represents the possibility of OMSs creation in the framework 

by the removal of the DMF ligands. Moreover, the implementation of efficient activation processes are required 

so that the Cu-ABDC MOF exhibit higher gas exchange sites and subsequently increase the adsorption capacity 

without damaging the framework. 
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